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John A.W. Sgjdak

Abstract

The overall objective of thisthesisisto develop, validate and assess a probabilistic
collision damage model to support ongoing work by the Society of Naval Architecture
and Marine Engineering (SNAME) Ad Hoc Panel #6 and IMO working groups. It is
generally agreed that structural design has amajor influence on tanker oil outflow and
damaged stability in grounding and collision, but crashworthiness is not considered in
present regulations. The proposed methodology provides a practical means of
considering structural design in aregulatory framework, and when implemented would
improve the safety and environmental performance of ships. This dissertation continues
the development and applies a Simplified Collision Model (SIMCOL) to calculate
damage extent (transverse, vertical and longitudinal) and oil outflow in ship collisions.
The primary contribution of this dissertation is the development and validation of a
theory for the determination of energy absorbed in longitudinal extent of damage, and the
implementation of the theory within SIMCOL.

SIMCOL is sufficiently fast to be applied to thousands of collision cases asis required
for aprobabilistic analysis. The following specific tasks were completed using SIMCOL
in support of this project:

Compl eted the development of SIMCOL Version 3.0 including:

1) Deformable Bow sub model

2) Implementation and validation of theory for the determination of energy absorbed
in longitudinal extent of damage.

Developed the capability to model collision events using LSDY NA.

Validated Virginia Tech LSDY NA ship collision modeling procedure.

Validated SIMCOL using real collision data, and probabilistic collision data for

penetrating collision
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1 Introduction and Motivation
The serious consequences of ship grounding and collision necessitate the development of

regulations and requirements for the subdivision and structural design of ships to reduce damage
and environmental pollution, and improve safety. This report addresses primarily oil tanker
damage and ail pollution, but the process and damage calculations are directly applicable to
damage stability calculations and regulations.

The International Maritime Organization (IMO) is responsible for regulating the design of oil
tankers and other ships to provide for ship safety and environmental protection. Their ongoing
transition to probabilistic performance-based standards requires the ability to predict the
environmental performance and safety of specific ship designs. Thisisadifficult problem

requiring the application of fundamental engineering principles and risk analysis[1,2,3,4].

IMO’sfirst attempt at probabilistic performance-based standards for oil tankers was in response to
the U.S. Oil Pollution Act of 1990 (OPA 90). In OPA 90, the U.S. requires that al oil tankers
entering the U.S. waters must have double hulls. IMO responded to this unilateral action by
requiring double hulls or their equivalent. Equivalency is determined based on probabilistic ail
outflow calculations specified in the "Interim Guidelines for the Approval of Alternative Methods
of Design and Construction of Oil Tankers Under Regulation 13F(5) of Annex | of MARPOL
73/78" [4], hereunder referred to as the Interim Guidelines.

The Interim Guidelines are an excellent beginning, but they have a number of significant
shortcomings:
They use asingle set of damage extent probability density functions (pdfs) from limited
single-hull accident data applied to all ships, independent of structural design.
IMO damage pdfs consider only damage significant enough to breach the outer hull. This
penalizes structures able to resist rupture.
Damage extents are treated as independent random variables when they are actually
dependent variables, and ideally should be described using ajoint pdf.
Damage pdfs are normalized with respect to ship length, breadth and depth when damage
may depend largely on local structural features and scantlings vice global ship dimensions.



The overall objective of this dissertation isto develop, validate and assess a probabilistic collision
damage mode to support ongoing work by the Society of Naval Architecture and Marine
Engineering (SNAME) Ad Hoc Panel #6 and IMO working groups.

It is generally agreed that structural design has a major influence on tanker oil outflow and
damaged stability in grounding and collision, but crashworthiness is not considered in present
regulations. The proposed methodology provides a practical means of considering structural
design in aregulatory framework, and when implemented would improve the safety and

environmental performance of ships.

Specific objectives are:
Creation of asimplified collision model for the determination of longitudinal extent of
damage.
Creation of asimplified collision model for the determination of striking ship bow damage.
To support ongoing work by SNAME Ad Hoc Panel #6 (Structural Design and Response in
Coallision and Grounding).
To assess and integrate existing simplified collision-damage models and mechanismsinto a
single Simplified Collision Model (SIMCOL). This model will be used to predict
probabilistic collision damage extents given a probabilistic description of collision
scenarios. Thisrequires that sub-model physics be sufficiently simple to support overall
computational efficiency in probabilistic applications where thousands of runs are required.
To validate SIMCOL in the context of arealistic collision simulation using real and finite
element model data.
To achieve international acceptance of this validation by publishing results and making all
data and aspects of the research open for discussion and collaboration through SNAME and
the Ship Structure Committee.
To demonstrate the process and predict probabilistic structural damage for oil tankers.
Identify important ship global and structural characteristics that impact collision damage
extents.



To provide the basis for further work in which a parametric analysis of probabilistic results
would be incorporated in IMO oil outflow and damage stability regulations.

Specific
collision
scenario s

joint pdf for
longitudinal, vertical and
transverse extent of
damage:

Pdf parametrics for extent
of damage as afunction
of struck ship design

Figure 1-1 M ethodology to Deter mine Probabilistic Damage in Collision [3]

Figure 1-1 illustrates the overall process proposed to predict probabilistic damage as a function of
ship structural design. The process begins with a set of probabilities and probability density
functions (pdfs) defining possible collision scenarios. Based on these pdfs, specific scenarios are
selected in a Monte Carlo simulation, and, together with a specific ship structural design, provide
the necessary input to predict damage using SIMCOL.

In the future, this process will be repeated for thousands of scenarios and arange of structural
designs until sufficient datais generated to build a set of parametric equations relating probabilistic
damage extent to structural design. These parametric equations can then be used in oil outflow or
damage stability calculations. Critical to this process are a simple, but sufficient probabilistic
definition of the collision scenario, including the striking ship, and afast, but sufficient structural

model to predict damagein a collision event.

The damage calculation is the most difficult step in the Figure 1-1 process. The simplified collision
model (SIMCOL) performs this function. There are 3 major ship-to-ship collision classifications:



puncture, raking and penetrating. SIMCOL models penetrating collisions. SIMCOL is sufficiently
fast to be applied to thousands of collision cases as is required for a probabilistic analysis, and is
sufficient for a regulatory application. A simple and fast model is important in probabilistic
analysis because thousands of different scenarios must be run to develop statistically significant

results.

In 1979, the Ship Structure Committee (SSC) conducted a review of collision research and design
methodologies [5,6,7]. They concluded that the most promising ssimplified collison anaysis
aternative was to extend Minorsky’'s origina analysis of high-energy collisions by including

consideration of shell membrane energy absorption.

A more recent review of the literature and of the applicability of available methods for predicting
structural performance in collision and grounding was made at the 1997 International Ship and
Offshore Structures Congress (ISSC 97) by Specidist Panel V.4 [8]. Ther report states.
“Knowledge of behavior on aglobal level only (i.e., total energy characteristics like the pioneering
Minorsky formula) is not sufficient. The designer needs detailed knowledge on the component

behavior (bulkheads, girders, plating, etc.) in order to optimize the design for accident loads.”

The approach taken in this dissertation is to progressively increase the complexity of SIMCOL
starting with a modified Minorsky approach followed by the inclusion of a deformable bow model
and a new method for determining the energy absorbed through longitudinal extent of damage.

SIMCOL version 3.0 represents the most recent product of this evolution.

Determination of the energy absorbed through longitudinal damage has often been neglected,
treated as minimal compared to the energy absorbed through penetration. However, with oblique
angle collisions (as occur more often than T-bone collisions) the energy absorbed in longitudinal
damage may be greater than the energy absorbed due to penetration. Additionally, absorption of
energy in the longitudinal direction removes energy from the entire system leaving less energy

available for penetration.



The determination of the energy absorbed through longitudinal damage is additionally often
neglected because of the complexity of: the additiona degrees of freedom necessary for the system
equations, the additional structural geometry that must be modeled and accounted for as energy
absorbing structure and the formulation for the coupled solution of internal and external dynamics
that properly considers longitudinal damage. Considering only the additional degrees of freedom
necessary for the system equations, Pedersen and Zhang [14] derived expressions for both the
longitudinal and transverse energy absorbed in ship-to-ship collisions. Pedersen and Zhang's
expressions are however uncoupled from the internal deformation mechanics of the problem and
do not consider the longitudinal damage of the transverse structure of the struck vessel. Thus, the
determination of the energy absorbed through longitudinal damage and the development of a

simplified longitudinal damage model isthe primary original contribution of this dissertation.



2 The Collision Phenomenon
The high variability and complexity of damage behavior in ship-to-ship collisions precludes the

ability to predict the exact behavior of the vessels during the collision event. However, as with
most complex systems, various simplifications and assumptions based upon genera behavior
collected from multiple events can be made yielding aless complex and definable system. This
Chapter is a collection and description of discovered and defined general behaviors, and the

simplifications to which they lead.

2.1 Ship-to-Ship Collisions
A ship-to-ship collision is a high energy event occurring over a short period of time, often

described mathematically through energy and momentum balance equations. Generally, from the
time a collision between two vessels is determined imminent until the time of contact, several
seconds or a few minutes pass. During this “pre-contact” time each vessel may attempt maneuvers
to avoid contact. If successful, then the two vessels are involved in either anear miss or alight
contact. If unsuccessful the vessels are involved in a collision. A near missis the most desirable
result of the pre-contact time where the vessels do not contact at al but miss each other by some
small (centimeters to meters) distance. A light contact is an event where the vessels collide but
either at such an oblique angle that penetration of one ship into the other does not occur or at such
alow speed that again penetration does not occur. A light contact is best described as acollisionin
which neither of the hulls of the two vessels is compromised (ruptured or torn below the waterlinge).
A collision is defined as any contact between two vessels resulting in the hull of one or both
vessels being compromised (ruptured or torn below the waterline). For the duration of thisreport, a
collision will refer to the contact between two vessels where significant penetration of one vessel
into the hull of the other vessel occurs. This definition of collision isillustrated in Figure 2-1 where
the striking ship has penetrated the struck ship. Note that the referring of the two vessels as the
striking ship and struck ship does not imply fault of the collision on either vessel. Aswith
automobile collisions, the fault of the accident is not always on the driver whose forward end is

damaged.



Striking Ship

P D
7t

Longitudinal Extent of Damage

Figure2-1 Illustration of Damage Definition

This definition of a collision narrows the study of ship-to-ship collisions to only the high energy
less oblique “T” collisions, leaving the light contact and below waterline raking collisions for
another investigation. Additionally, from the above definition of collision, the definition of damage
extent follows directly as an indication of hull rupture with the following characteristics or metrics:
1) Extent of transverse penetration of striking ship into struck ship, 2) Longitudinal extent of outer
hull opening, 3) Vertical extent of outer hull opening and 4) Tankage volume opened to sea. For
clarity, the definitions of a collision and collision damage are restated as:

Callision: the contact between two vessels (striking and struck) where the penetration of one vessel
(striking) into the hull of the other vessal (struck) occurs at an angle at which raking and sharp
puncture are minimal energy absorbing components of the total energy balance.

Damage: an indication of hull rupture and if rupture then the measure of: 1) Extent of transverse
penetration of striking ship into struck ship, 2) Longitudinal extent of outer hull opening 3)
Vertical extent of outer hull opening and 4) Tankage volume opened to sea

2.2 Collision Physics
A collision between two vessels is modeled as an inelastic collision [9,10,13,15]. An inelastic

collision isformally defined as a collision in which part of the initial kinetic energy of the colliding
vessels changes to another form of energy (i.e. damage work and heat). For this dissertation, an



inelastic collision is specifically defined as a collision between two vessels that act and move as
one body after damage penetration and where a significant part of the initial kinetic energy of the
colliding vesselsis converted to mechanical (deformation) energy.

For an inelastic collision the balance of momentum and energy are given by Equations 2.1 and 2.2.

M1N1+M2N2=(M 1+M2)N3 (21)

E>(’\/| 1N12 + M ZNZZ) = E>(|\/| 1 + M 2)N32+ EA + E|:
2 2 (2.2

Where:

M;  isthe mass (plus added mass) tensor of the striking vessel

M,  isthe mass (plus added mass) tensor of the struck vessel

V1 isthe velocity vector of the striking vessel

V, isthe velocity vector of the struck vessel

V3 isthe velocity vector of the combined striking and struck vessels after contact
Ea is the energy absorbed through structural deformation and damage

Er isthe energy imparted to the fluid (wave-making energy) during the collision

Aswith inelastic automobile collisions (car in tree), the damage to the struck vessel is often of the
shape and form of the bow of the impinging striking vessel (i.e. local damage vice global damage).
While damage is sustained to the striking vessel bow, this damage is often the result of heavy and
dense cargo or substantial longitudinal structure within the struck ship. These generalities are
supported by the realization that most vessel bows comprise additional strengthening structure
designed to limit the deteriorative effects of slamming. As such, the bow of the striking vessel is
treated as rigid in many analyses, while the damage sustained by the struck vessel is assumed to
assume the shape and form of the penetrating rigid bow. These assumptions are supported by
Figure 1-1 through Figure 2-6 and the works of Simonsen [10], Rosenblatt & Son, Inc. [18] and
Chen [35].



Figure 2-2 Collision of M/V Alexia and M/V Enif



Figure 2-3 Damageto M/V Enif

Figure 2-4 Collision of M/T Gas Roman and M/V Springbok
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Figure 2-5 Bow Penetration of Collision of M/T Gas Roman and M/V Springok
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Figure 2-6 Bow Damage of Collision of M/T Gas Roman and M/V Springbok

2.3 Vessal Motion
The motion of any vessel treated as a buoyant rigid body may be defined using a six degree of

freedom system (surge, sway, heave, pitch, roll and yaw). However, asin maneuvering, avessel
involved in a collision event may be described using only three degrees of freedom (surge sway
and yaw) where the motions of heave, pitch and roll may be neglected because the motion, and
thus the energy, tranglated into these degrees of freedom are minimal compared to the motionsin

the surge, sway and yaw directions[9,10,13,14,16].

A vessel inacollision isinduced to roll when aforceis applied in the sway direction above or
below the vessels vertical center of buoyancy. This statement is only true however if the vessel is
not bound or constrained by other forces. As previously discussed, acollision is an inelastic event
and as such, for most collisions, theroll of one vessel requires the pitch of the additional vessel
about the combined center of buoyancy of the joined vessels. This coupling of the two vessels
about the combined center of buoyancy limits the ability for either vessel to roll or pitch asthe
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restoring forces in these directions are high and therefore the only motions generally unconstrained

arethe in planer motions of surge, sway and yaw.

Often vesselsinvolved in a collision continue to maneuver after contact occurs. The maneuvers are
either from the attempt to pull away from the collision or from the continuation of avessels
momentum due to maneuvers performed prior to the contact. Because of the complicated dynamics
involved during a collision these post contact maneuvers are often neglected [9,10,15] and the
forcesinvolved in the contact are assumed to include only those forces that are derived from each

vessels respective forward momentum at the time of contact.

During an inelastic collision, the yaw of the struck vessel about it’s own centroid is damped by the
requirement to additionally sway and yaw the striking vessel about the struck vessels center of
buoyancy (similar to the argument for athree degree of freedom system). A similar argument is
made for the yaw of the striking vessel where the damping is provided by the requirement to surge
and yaw the struck vessal. With thislogical argument the continuation of the yaw momentums of
either vessel are effectively damped by the addition of the second vessels mass (i.e. the two ships
constrain each others motion). Figure 2-7 illustrates this phenomenon. The above logical argument
does not however eliminate the ability of the combined vessels to yaw about the combine center of
buoyancy nor does it preclude the yaw induced from non-amidships contacts, which are due to the

initial forward momentum of the striking vessel and the contact |ocation.
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Figure 2-7 Illustration of Constrained Vessel Yaw

The argument for neglecting the propulsion forces of each vessel during acollision event is
justified through the multitude of collision reports [84] where the vesselsinvolved in collisions
often attempt to limit the damage by shutting down the engines or clutching out the shaft and
propeller near the time of contact. For those collisions where this does not occur, often the vessels
are placed in full astern sometime near the time of contact [84]. In these situations the time at
which the propulsion system of the vessel to change the propeller force direction (approximately
100 seconds) is often greater than the time of the entire collision event (less than ten seconds) and

therefore the effect is similar to shutting down the engines or clutching out the shaft and propeller.

2.4 Energy Absorbing Structure
Recalling the energy balance of Equation 2.2, the energy absorbed through damage term (Ex)

consists of all the energy absorbed through each structural and non-structural member of the vessel.
For the duration of this report, the energy absorbed through damage will only refer to the energy
absorbed through the structural components of the vessel, as such; the effects of cargo, ballast and
outfit are neglected and saved for future investigations.

Examination of multiple collisions of varying speeds, collision angles, vesseal types and collision

locations relative to amidships on the struck vessel allows the general statement that the majority of
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the energy absorbed by damage to structure within a ship-to-ship collision is absorbed by the
following eight structural members; side shell, longitudinal bulkheads, decks, stringers, web
frames, transverse bulkheads, longitudinal girders and transverse girders.

Table 2-1 presents the energy absorbed by each of the above structural components for multiple
collisions where the struck ship is atanker. The ships were modeled using finite element analysis
as discussed in Chapter 3. Information regarding the structure of each vessel is provided in
Appendices A through F.

The average percentage of the total energy absorbed within the collision by the eight structural
members is approximately 95% or simply stated; the majority of the energy absorbed in a ship-to-
ship collision is absorbed by the deformation and damage of the side shell, longitudinal bulkheads,
decks, stringers, web frames, transverse bulkheads, longitudinal girders and transverse girders.
Thus the energy absorbed by additional structure such as struts, columns and brackets may be
neglected. While thisis generally true, some non-standard structure or structural arrangements may

need additional investigation to determine the relevance of the energy absorbing capacity within

any individual collision.

Table 2-1 Collision Energy Absorbing Structure

Collision 1 | Collision 2 | Collision 3 | Collision 4
Total Energy in Collision (J) 1.88E+08 6.32E+08 2.27E+08 3.83E+08
Total Energy Absorbed by Structural Damage 4.98E+07 1.93E+08 3.95E+07 1.76E+08
Energy Absorbed By Striking Ship Bow 1.34E+07 5.89E+07 1.45E+07 8.11E+07
Energy Absorbed by Struck Ship 3.65E+07 1.34E+08 2.50E+07 9.49E+07
1 Side Shell 2.43E+07 4.17E+07 8.39E+06 3.66E+07
2 Longitudinal Bulkheads 2.37E+05 1.56E+07 4.95E+05 1.75E+07
3 Decks 4.04E+06 7.81E+06 9.45E+06 7.88E+06
4 Stringers 1.19E+07 4.74E+05 1.12E+07
5 Webs 3.78E+06 8.99E+06 3.90E+06 1.42E+07
6 Transverse Bulkheads 2.51E+06 4.04E+07 1.19E+05 2.77E+04
7 Longitudinal Girders 2.55E+05 1.80E+04 2.26E+05
8 Transverse Girders 8.80E+05 2.32E+05 1.76E+05 2.37E+06
Total Energy from Parts 1 - 8 3.57E+07 1.27E+08 2.30E+07 8.99E+07

% Energy 8 Parts of Struck Ship Energy Absorbed 97.96% 94.89% 92.12% 94.73%

% Energy Bow of Total Energy Absorbed 26.83% 30.57% 36.68% 46.08%

The collisions used for Table 2-1 are described in Table 2-2.
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Table 2-2 Collision Descriptions

Striking | Struck
Collision Ship Ship
Collision Angle Speed Speed
# Striking Vessel Struck Vessel (Degrees)| (knots) (knots) Collision Location
1 C4 Cargo Vessel T2 Tanker 55 5.5 6.81 9.923 m fwd amidships
2 150k dwt Bulk Carrier 150k dwt Double Hull Tanker 90 5 0 20 m fwd amidships
3 150k dwt Bulk Carrier 150k dwt Double Hull Tanker 45 3 0 20 m fwd amidships
4 40k dwt Container Ship | 150k dwt Double Hull Tanker 90 7 0 3.5 m fwd amidships

Though the striking ship bow is often considered rigid as discussed in Section 2.4, this assumption
is not always accurate as presented in Figure 2-8 and Figure 2-9. The bow when damaged may
absorb alarge quantity of the total energy of the collision. The energy absorbed through damage to
astriking vessel bow is discussed and summarized by Vakkalanka [55]. Woison [17], Amdahl [23]
and Pedersen [22] have a so investigated the energy absorbed through damage of the striking
vessel bow whereit is shown that:

“The almost universal assumption of arigid striking ship bow in ship collision analysis
isnot valid. Differencesin striking ship bow stiffness, draft, bow height and shape
have an important influence on the alocation of absorbed energy between striking and
struck ships and the extent of damage in the struck ship. The energy absorbed by the

striking ship can be significant and varies in different collision scenarios.” [83]

A reanalysis of Minorsky’s[9] results discussed in Section 4.3.1 and presented in Table 2-3 shows
that the percentage of energy absorbed by the striking ship in real collision casesis significant and
isnot constant. Using finite element analysis, Valsgard and Pettersen modeled a collision with a
double hull struck ship and deformable striking bow that absorbed 55% of the total absorbed
energy. Table 2-4 shows bow energy absorption of up to 46%. Using closed-form equations for
bow stiffness, Lutzen., Simonsen, and Pedersen [47] show that bow energy absorption for alarge
striking ship with alongitudinally-stiffened bow is small. Bow energy absorption for smaller
striking ships and for striking ships with transversely-stiffened bows is significant and variable
(Table 2-4).
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Table 2-3 Per centage of Energy Absorbed by Striking Ship Bow [15,36]
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Table 2-4 Per centage of Energy Absorbed by Striking Bow in Collisions [47]

Often acollision analysisis evaluated assuming either arigid striking or arigid struck vessel. A
more appropriate approach isthat for a single time step the vessel that istreated as the rigid vessel
is the one that would absorb more energy given the same amount of relative deformation. This
method is equivalent to a path of least resistance method where the damage is applied to the vessel
which absorbs less energy in a given displacement or penetration in a given time step.
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Figure 2-8 Actual Collision Bow Damage

Figure 2-9 Bow Damage to Norwegian Dream
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Figure 2-10 Karisa Bow Damage

Thus, a ship-to-ship collision is a high energy event occurring over a short time that can be
modeled as an inelastic collision considering only the motions of surge, sway and yaw for each
vessdl. Theinitial kinetic energy isimparted to: 1) the remaining kinetic energy of the combined
vessels, 2) radiation or wave making energy and 3) deformation energy. The deformation energy is
suitably approximated by the summation of energy absorbed by 1) the striking ship bow and 2) the
struck ship’s side shell, longitudinal bulkheads, decks, stringers, webs, transverse bulkheads,

longitudinal girders and transverse girders.
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3 Finite Element Modeling of Ship Collisions
One of the important tools used in this research isfinite element analysis (FEA). FEA is used

throughout this report for developing and evaluating simplified methods. As previously discussed
in Chapter 2, the cost of full scale collision testing and the inability to properly capture true
collision behavior with physical scale modeling precludes live experimentation. The remaining
methods of accident investigation and FEA must therefore be used to show and support the theories
and simplified analysis described in this report.

LSDY NA isthe primary FEA code used in this research, but many of the same issues that must be
resolved to effectively use LSDY NA must be resolved for the efficient application of any FEA
code. Other codes in common use for collision modeling include: ABAQUS-EXPLICIT,
DYNASD, and MSC-DY NA.

3.1 Overview
Finite element modeling of ship collisions cannot be performed with confidence without significant

research, experimentation and validation of modeling techniques, element and material models,
and careful model parameter value selection. The casual and undisciplined application of
commercia software may produce impressive pictures, but be entirely wrong. The open literature
and even detailed technical reports on the subject do not provide sufficient detail, analysis and
validation to reproduce or defend many analyses, and “ Calibration” of model parameters to one or

two validation cases may only provide valid results for a very narrow range of problems.

LSDY NA is agenera-purpose, explicit finite element program used to analyze the nonlinear
dynamic response of three-dimensional inelastic structures. It was developed primarily for
automotive collision applications, but can also be used for ship-to-ship collisions. It performs a
fully dynamic analysis, not quasi-static. Crash behavior has large displacements, and is very non-
linear with multiple point contact and rupture. Explicit time integration is best for these problems.
The use of small time-stepsisrequired for stability, but explicit integration does not require
inversion of alarge stiffness matrix asis required with implicit methods. Explicit integration aso
allows discontinuous failure criteria such as rupture strain. The run time required for an explicit
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code is approximately proportional to the number of nodes vice the square of the number of nodes

aswith implicit codes.

Case studies in this Chapter use LSDY NA to model collisions between a striking ship and a struck
oil tanker, and a striking ship and a double hull wall section. In some cases the striking ship bow is

assumed to berigid and in other cases the bow is deformable.

3.2 Structural Geometry
There are anumber of important objectives to be considered when modeling the struck and striking

ship structures:
Minimize the number of nodes and elements to reduce computation time consistent with
sufficient computational accuracy
Minimize complexity
Minimize ratio of triangular to quadrature elements
Minimize numerical instabilities through the use of global parameterization controls
Minimize numerical instabilities by modeling with a consistent, uniform mesh
Have aminimum of 3 elements per side of any section in the entire vehicle and a minimum
of 6 elements per buckle in the energy absorbing parts of the structure
Have atime step sufficiently small to capture proper behavior and sufficiently large to
minimize computational cost
Minimize element warpage, but limit warpage to 10°
Avoid edge-to-edge contacts
Avoid initial penetration

Figure 3-1 shows a striking ship to struck ship collision as modeled in LSDY NA. The striking ship
geometry is developed from an AutoCAD model. It includes a detailed bow model forward of the
collision bulkhead and lumped beam elements aft of the collision bulkhead. The detailed portion of
the bow model is shown in Figure 3-2 with side-shell, deck, stem, stringers, and primary girder
components modeled using meshed shell elements. Stiffeners are smeared into plates as discussed
in Section 3.5.
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Figure 3-1 Ship-to-Ship Collision asModeled in LSDY NA

Figure 3-2 Detailed LSDYNA Bow M odel

In order to simplify the bow model geometry of transverse frames, they are modeled as “ stiff”
transverse bulkheads using panel elements. “Stiff” is quantified as having increased element
thickness or increased material density an order of magnitude beyond the actual structural or
material value. Collision results using “ stiff” transverse frames compare well with results using
detailed transverse frame models. The collision bulkhead is the boundary between the detailed
portion of the bow and the remainder of the striking ship. It is also modeled as a“ stiff” transverse
bulkhead. Fully rigid transverse frames and bulkheads were found to cause very high stresses and

premature failure at their interface with the side shell and deck panel elements. They are not used.
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The remainder of the striking ship aft of the collision bulkhead is modeled using “ stiff” Hughes-
Liu beam elements and concentrated masses such that the total mass and mass moment of inertia
are the same as in the actua ship (including actual mass and added mass in the surge direction).
Thetotal cross sectional area of the longitudinal beam elementsin this part of the model is
determined such their sum is equal to the total longitudinal structure sectional area aft of the
collision bulkhead in the real ship. Again, fully rigid beams were found to cause very high stresses
and premature failure at their interface with the panel elements so stiff deformable beam elements
are used.

The struck ship is usually modeled with only one side of the struck cargo tank, or tanks, in detail.
Figure 3-4 and Figure 3-6 show the struck cargo tank section. The struck section includes shells,
webs, girders, transverse and longitudinal bulkheads and stringers modeled as panel elements.
Stiffeners are smeared into the plate thickness.

The remainder of the struck ship is modeled using “stiff” Hughes-Liu beam elements and
concentrated masses, as with the bow model. Thisis based on the assumption that in ship collision
cases local structural response dominates the collision results as determined through the results
shown in Table 2-1. Dimensions of the longitudinal lumped beam elements are selected to model
the horizontal moment of inertia at amidships. This allows some flexibility for hull girder
horizontal bending (HGHB), although with alarge struck ship, horizontal bending in collisionis
small [57]. Forward and aft transverse bulkheads are at the boundaries between the detailed cargo
section model and the remainder of the struck ship. In order to ssimplify the geometry of the
boundary transverse bulkheads, they are modeled as “ tiff” transverse bulkheads using panel
elements only. When atransverse bulkhead is in the way of or close to the collision contact,
detailed tank structure is modeled on both sides of a detailed transverse bulkhead and the stiff
bulkhead boundary is moved to the opposite end of an additional tank, shown in Figure 3-5. The
centerline bulkhead model is also modeled using a “stiff” bulkhead unlessit isin way of or close to
the collision contact. When close to the collision contact the centerline bulkhead model is based on
ship scantlings and geometry, supported with stiff beam elements that connect to nodes on the
opposite deck edge at each frame, deck and stringer as shown in Figure 3-3. Again, fully rigid
beams were found to cause very high stresses and premature failure at their interface with the panel
elements so “stiff” deformable beam elements are used.
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Figure 3-3 Struck Ship LSDYNA M odel
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Figure 3-4 Struck Ship Cargo Section M esh
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Figure 3-5 Struck Ship Cargo Section Geometry View from Outboard

Figure 3-6 Struck Ship Cargo Section Geometry View from Centerline
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3.3 Element Types
LSDY NA has many el ement types to choose from. In order to save CPU time, solid modeling and

afine mesh are avoided in favor of shell and beam elements and a more coarse mesh. The Hughes-
Liu beam element isused for al struck and striking ship model beam elements. Hughes-Liu
elements are designed not to fracture and provide out of plane bending not provided by truss
elements. Belytschko-Tsay shell elements are used for all plate panelsin both the struck and
striking ship models. This element uses alocal coordinate system that deforms with the element
and provides a higher degree of numerical accuracy than a standard shell element at alower time
cost. Numerous runs with other element types availablein LSDY NA were not as computationally
efficient. Single point (reduced), standard Gauss integration is used and the panel reference
location is taken at mid-plane.

Lemmen and Vredeveldt [ 72] found that two or three integration points through the thickness of a
belytschko-tsay element were sufficient. Hourglassing* was not a problem with their small mesh
(80x80mm). The LSDY NA manua recommends that hourglass energy be less than 10% of the
internal energy. Otherwise, other methods should be used, such as triangle-elements instead of
guadrilateral-elements or fully integrated elements instead of reduced integration elements. To
reduce hourglassing while using the coarse elements, 5 integration points were found to be

necessary to maintain the hourglass energy below 10% of the internal energy for most analysis.

3.4 Finite Element Mesh
Starting with an AutoCAD line model of the ship hull geometry, surfaces are created over the lines

within the finite element model builder program (FEMB). Next, surfaces are partitioned and joined
consistent with major energy absorbing structural members discussed in Chapter 2. The surfaces
are auto-meshed with a minimum element dimension of 0.20 meters and a maximum element
dimension of .3 meters. Element dimensions less than 0.5 meters are processing time prohibitive (3
to 5 days on a Pentium 1V Desktop for the simplified models discussed in Section 3.8), however to
obtain atrue physical description of the deformed geometry of parts within the struck ship,
elements of these sizes are required. Hourglassing is also an important concern with large mesh

sizes and must be monitored closely. Finally, mesh problems are repaired manually. The resulting

! Numerical deformation modes other than rigid body that do not contribute to strains at the integration points
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element length to thickness (L/t) ratio istypically 8:1to 12:1. A uniform mesh throughout both the
struck and striking ships detailed sections must be used to eliminate possible numerical errors

within the contact due to trand ation of forces from element to e ement.

3.5 Smearing Techniques
To reduce computational time and to alow the use of alarger shell element mesh in the bow and

cargo section models, plate stiffeners, flanges, and structural holes are smeared into plate panels.
Thisis acommon practice, but various methods can be used. Though smearing isnot idedl, itis
essential as amethod to reduce the finite element computational time requirement. As such, the
following smearing methods were compared:

No smearing

Equivaent Tensile Strength (Area) Smearing

Equivalent Compression Strength Smearing

Equivalent Membrane Strength Smearing

Equivalent Moment of Inertia Smearing
This comparison is performed using an LSDY NA test case of asimple struck ship double-side
configuration as shown in Figure 3-7. Table 3-1 provides details for the struck double-sided

section.
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Figure 3-7 Rigid Bow Collision With Double-Sided Test Section
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Table 3-1 Double-Sided Test Section Parameters

The traditional smearing method [56] provides equivalent tensile strength under longitudinal

tension loading using area smearing. The equivaent plate (only) thickness, Ty, is calculated using
Equation 3.1.

— NXA+A)+A
T, = NeAAANA

t (€Y

Ns isthe number of stiffeners and Ar, Ay, and A are the stiffener flange, web and plate sectional
areas, and B is the plate span.
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Equivaent compressive strength smearing provides equivalent strength under a longitudinal
compressive buckling loading. The equivalent compressive strength plate (only) thickness, Te, is
calculated using Equation 3.2.

To =bX Jseay (32)

The variable b isthe stiffener spacing, aisthe plate length, and a/p is the plate slenderness
parameter [85].

The equivalent membrane strength smearing provides equivalent strength under transverse tension
(perpendicular to stiffener direction) loading. Because the stiffeners do not provide any support in
the transverse direction of the plate, the equivalent membrane strength thickness, Tm, is equal to
the original plate thickness Tp. Thus the equivalent membrane strength plate has the dimensions of
aand B with athickness of Ty, or Tp.

The equivalent Moment of Inertia smearing is based on plates under an out of plane loading. To
develop the equivalent inertial thickness, T;, the moment of inertiafor the stiffened plateis set
equal to that of an equivaent non-stiffened plate and the thickness, T, is solved. Equation 3.3

provides the value of T;.

T =35e (33)

Smearing test cases and a combination smearing case where the sideshell and innershell were
tension smeared and the remaining parts were membrane smeared are summarized in Table 3-2.
Figure 3-8 and Figure 3-9 compare absorbed energy vs. penetration results for each smearing
method.
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Table 3-2 Smearing Test Case Nomenclature

Figure 3-8 Smearing Test Result Comparison of Energy vs. Penetration
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Figure 3-9 Smearing Cases 1,2 and 6 Result Comparison of Energy vs. Penetration

Comparison of smearing results to the unsmeared detailed structural model results indicates the
following:
Compression and Moment of Inertia smearing (C3 and C5 respectively) provide too stiff a
structure resulting in an under-prediction of penetration and over-prediction of absorbed
energy.
Tension and membrane smearing (cases C2 and C4 respectively) under predict the energy
absorbed and over predict the penetration.
The average percent difference on penetration between C1 and C2 isless than one half of
one percent. The average percent difference on Absorbed Energy between C1 and C2is
22.00%. The variation in Absorbed Energy between C1 and C2 is due to the increase of
Hourglass energy in C2 over C1 as shown in Figure 3-10 where the hourglass energy for
C2 is approximately 27% higher than the hourglass energy at 0.3 seconds or 5.05 meters of
penetration.

34



Figure 3-10 Smearing Case 1 and 2 Hourglass Energy vs. Time

Because callibration will be considered with regard to prediction of penetration, the equivilent
tension strength smearing is considered to provide the best method for modelling ship structures
vice other smearing methods considered. Tension strength smearing is used in all subsequent

anaysis.

3.6 Externa Dynamics and Constraints
An LSDY NA simulation is used to model both the internal structural responsein collision and the

external ship dynamics including hydrodynamics. To save CPU time, an inertia-equivalent method
isused vice an explicit calculation of the fluid-structure interaction [58]. Masses and mass
moments of inertiain surge, sway and yaw represent the virtual masses (actual plus added mass)
for each ship. The masses of the striking ship outside of the bow section are assumed to be
concentrated in three transverse section parts shown in Figure 3-1 in red. The masses of the bow
parts are summed and the remaining mass is adjusted by assigning an appropriate mass density to
the transverse section parts so that the total mass of the striking ship model is equivalent to the
mass of the actual ship, plus the added mass in surge. The locations of the forward two transverse

section masses are determined by matching the required added mass moment of inertiain yaw. A
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similar procedure is followed for the struck ship when the vessel is anchored, moored or still at the
time of collision, where the model massis equivalent to the mass of the actual ship plus the added
mass in sway. When the struck ship has forward velocity at the time of the collision, the inertia-
equivaent method begins to break down as the mass of the vessel may only be adjusted within the
model for asingle degree of freedom. To overcome this problem, an equivalent momentum method
is applied to the struck ship.

The equivalent momentum method requires that the actual mass (M) of the vessel times the actual
forward velocity (V) of the vessel is equal to the model mass (My,) times the model forward
velocity (V). Defining the model mass as equivalent to the actual mass of the vessel plus the
added mass in sway, then the forward velocity of the struck ship model is calculated using
Equation 3.4.

Vin = tim Va (34)

Similarly an equivalent energy method may be used where:

(3.5)

The equivalent momentum method provides the best results based on comparison of method results
to the validation case study discussed in Section 3.8.

Added mass values vary over the duration of the collision and depend on hull form [13]. For model
simplicity, average added mass coefficients are used where:

a, =Cymy
Ay = CpplMy (3.6)
83 = Cyl o3
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Coefficients values used in this report are selected to standardize results when compared to other
models, specifically Pedersen [14], Simonsen [10] and Paik [29]. Assumed added mass coefficients

are 0.05 in surge (C11), 0.85 in sway (Cx») and 0.21 in yaw (Cz3).

The motion of the striking ship is prevented in the 3, 4 and 5 directions (trandation in the Z-axis,
rotation around the X-axis and Y -axis or heave, pitch, and roll) by constraining the nodesin the
collision bulkhead in these directions. These constraints allow the striking ship model to be very
simple and provide for afaster solution. The striking ship motionsin heave, pitch, and roll are
relatively small and less significant in acollision event as discussed in Chapter 2. The motions of
the struck ship are also constrained in these directions, allowing only sway, surge and yaw by
constraining the nodes in the boundary transverse bulkheads and beam elements in these directions.
This effectively limits ship global motion to the horizontal plane, but allows the deformable

sections afull six degrees of freedom.

3.7 Anaysis Parameters
Other FEM parameters requiring particular consideration include: contact types, failure strain,

strain rate dependency, friction and other material properties. A very coarse finite el ement mesh

using primarily panel elements to save CPU time a so requires close attention to hourglassing.

Lemmen and Vredeveldt [59] also use LSDY NA to model full-scale collision tests. Their report
identifies variable values that provide results consistent with their test results. Serviset. al. [60] and
Naar [61] also provide some excellent general guidance. These are discussed in the following
sections.

3.7.1 Contact and Friction
For the ship-to-ship collision analysisthe NODES TO_SURFACE and SINGLE_SURFACE

contact types are used, allowing the master segments of the striking ship to penetrate into the struck
ship, while ensuring deformation through the nodal requirement (i.e. compatibility). Figure 3-11
illustrates the nodal requirement where the red slave nodes are not allowed to penetrate through the
blue master surface but must remain on the positive side (indicated by normal arrows) of the

master segments.
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MASTER SEGMENTS

Figure 3-11 Contact Nodal Requirement

In NODES_TO_SURFACE contacts, nodes in the struck ship are assigned as slave nodes and
surfaces within the striking ship are defined as master segments. The contact interface does not
allow the slave nodes to penetrate the master segments. If the striking ship is defined as master
segments then the penetration of the striking ship into the struck ship may occur and both are
enabled to deform. If however, the struck ship is defined as the master segments then the striking
ship cannot penetrate into the struck ship because slave nodes are not alowed to penetrate a master
segment as defined by the compatibility requirement. Multiple NODES TO_SURFA CE contacts
are defined within asingle analysis.

Parts in the striking or struck ship are also defined as master segments over other parts in the same
ship. As an example, the side shell is defined as a master surface while slave nodes define a web.
Each contact is an independent interface such that a part defined by slave nodes in one contact
interface may be defined by master segments within another contact interface.

In SINGLE_SURFACE contacts, a part within the striking and/or struck ship acts as both master
surface and slave nodes to itself. This contact ensures proper physical behavior when the side shell
is peeled back and contactsitself. Again SINGLE_SURFACE contact uses a similar approach as
the NODES_TO_SURFA CE contact where the part nodes are constrained to stay on the original

side of the contact surface.
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Care should be taken to ensure that all possible part-to-part contacts have been considered and
accounted for as failure to properly define contacts where contacts exist will allow non-physical
violations (i.e. striking ship passing through struck ship without resistance or deformation).

The correct consideration of friction in a ship-ship collision model is also important. Asfrictionis
increased the penetration of the striking ship into the struck ship is decreased or the absorbed
energy per unit penetration isincreased. Several considerations of friction and various static and
dynamic friction coefficient values are reported in the literature. The most common value found in
the literature for the dynamic friction coefficient is 0.3 [22,59,62,63,64,65]. Reported dynamic
coefficients of friction vary from 0.0 to as high as 0.6 and static coefficients are reported at values
between 0.5 and 0.8 [28,66,67,68,69]. Wisniewski et a [70] modeled collisions with a40K dwt
container ship striking a 105K dwt double hull crude oil carrier using ABAQUS-EXPLICIT. The
dynamic coefficient of friction was varied from 0.0 to 0.6 in a parametric study. Plots of
Wisniewski’ s results are provided in Figure 3-12 where it is shown that the higher the friction
coefficient the faster the loss of kinetic energy of the striking ship. The difference between the
friction curves for 0.3 and 0.6 is much smaller than between the curves for 0.0 and 0.3. As aresult
Wisniewski states, “ The effect of friction will not increase significantly for larger values (greater
than .6) of the coefficient.”

Figure 3-12 Friction and Kinetic Energy vs. Penetration [70]
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The friction model in LSDY NA is based on the Coulomb friction relation given by Equation 3.7.

m = FD +(FS- FD)e "5 (3.7)

Where:

m coulomb friction coefficient

FS  satic coefficient of friction for mild steel on steel
FD  dynamic coefficient of friction for mild steel on steel
Vg relativevelocity of contact surfaces

DC  exponentia friction decay coefficient

The LSDYNA User’'s Manual [71] suggests avalue of 0.74 for the static friction coefficient (FS) of
dry mild steel on steel. An average value from the literature for FS of wet mild steel on steel is0.7.
The LSDYNA User’s Manual suggests avalue of 0.57 for the dynamic friction coefficient (FD) of
dry mild steel on steel. An average value from the literature for FD is 0.3, for wetted, mild steel on
steel. Figure 3-13 shows the Coulomb Friction value as a function of the change in relative velocity
of the contact surfaces in meters per second with a DC value of 7.0. By increasing the value of DC
the value of the relative velocity at which the steel on steel contact actsin a dynamic manner is
decreased, i.e. the rate of change from the static friction coefficient to the dynamic is increased.
Values selected for these coefficients in this dissertation are FS= 0.7, FD = 0.3 and DC = 7.0.
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Figure 3-13 Coulomb Friction vs. Relative Velocity of Contact Surfaces

3.7.2 Material Properties
Only three of many (nearly 100) material types availablein LSDY NA were found to be suitable or

necessary for ship collision analyses:
Type 24 — Elastic/Plastic | sotropic with Piecewise Linear Plasticity — This materia type
allows strain rate effects and complete material fracture. All panelsin the struck ship are
modeled using LSDY NA Materia Type 24. Materia behavior is specified using the
following parameters: Y oung's modulus, yield stress, tangent modulus, failure strain and
Cowper and Symonds strain rate parameters.
Type 3 — Elastic/Plastic Isotropic with Kinematic Plastic Hardening - All transverse beams
in the struck and striking ship and panelsin the striking ship are modeled using LSDY NA
Material Type 3. Material Type 3 is used in the striking ship because of the “No Fracture’
behavior in its stress-strain curve shown in Figure 3-14. It was found that Master Elements
modeled with Material Type 24 confuse the contact algorithm in the rare cases when these
elements fracture. Model elements away from damaged areas must remain intact for model
integrity. The use of Type 3 material avoids these problems.
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Figure 3-14 Kinematic/l sotropic Elastic Plastic M aterial Stress Strain Curve

Type 20 — Rigid — Material Type 20 is used in special model cases specifying arigid bow.
Rigid elements are bypassed in deformation processing and are very time efficient.

Parameter values for modeling ABS materials Grade B, AH32 and AH36 using Materia Types3
and 24 arelisted in Table 3-3 and Table 3-4. Figure 3-15 shows the resulting stress verses strain

curvesfor Type 3 and Type 24 Materia at each grade.

Table 3-3 Material Type 3 Definitions

MATERIAL TYPE 3

NAME (Material Name) M3GB M3GAH32 | M3GAH36
TYPE (Material Type) 3 3 3

MID (Material Identification Number) 601 602 603

RO (Material Density) 7.78E+03 | 7.83E+03 | 7.85E+03

E (Material Modulus of Hasticity) 1.90E+11 | 2.00E+11 | 2.10E+11

PR (Material Poissons Ratio) 0.281 0.292 0.303
SIGY (Material Tension Yeild Stress) 2.35E+08 | 3.15E+08 | 3.55E+08
ETAN (Material Tangent Modulus) 3.75E+09 | 3.05E+09 | 3.22E+09
BETA (Material Hardening Parameter) 0 0 0
SRC (Cow per-Symmonds Strain Rate Parameter C) 40.4 40.4 40.4
SRP (Cow per-Symmonds Strain Rate Parameter P) 5 5 5

FS (Material Failure Strain) 0 0 0

VP (Material Formulation for rate effects) 0 0 0
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Table 3-4 Material Type 24 Definitions

MATERIAL TYPE 24
NAME (Material Name) M24GB | M24GAH32 | M24GAH36
TYPE (Material Type) 24 24 24
MID (Material Identification Number) 701 702 703
RO (Material Density) 7.78E+03 | 7.83E+03 | 7.85E+03
E (Material Modulus of Elasticity) 1.90E+11 | 2.00E+11 | 2.10E+11
PR (Material Poissons Ratio) 0.281 0.292 0.303
SIGY (Material Tension Yeild Stress) 2.35E+08 | 3.15E+08 | 3.55E+08
ETAN (Material Tangent Modulus) 3.75E+09 | 3.05E+09 | 3.22E+09
FAIL (Plastic Strain to Failure) 0.1 0.1 0.1
TDEL (Minimum Time Step Size for Automatic Deletion) 0 0 0
C (Cow per-Symmonds Strain Rate Parameter C) 40.4 40.4 40.4
P (Cow per-Symmonds Strain Rate Parameter P) 5 5 5
(Load Curve Identification Number for Effective
LCSS Stress verses Plastic Strain) 0 0 0
(Load Curve Identification Number for Strain Rate
LCSR Scaling Effect on Yeild Stress) 0 0 0
VP (Material Formulation for rate effects) 1 1 1
EPS1 (Effective Plastic Strain Value 1) 0 0 0
EPS2 (Effective Plastic Strain Value 2) 0 0 0
EPS3 (Effective Plastic Strain Value 3) 0 0 0
EPS4 (Effective Plastic Strain Value 4) 0 0 0
EPS5 (Effective Plastic Strain Value 5) 0 0 0
EPS6 (Effective Plastic Strain Value 6) 0 0 0
EPS7 (Effective Plastic Strain Value 7) 0 0 0
EPS8 (Effective Plastic Strain Value 8) 0 0 0
ES1 (Corresponding Yeild Stress Value to EPS1) 0 0 0
ES2 (Corresponding Yeild Stress Value to EPS2) 0 0 0
ES3 (Corresponding Yeild Stress Value to EPS3) 0 0 0
ES4 (Corresponding Yeild Stress Value to EPS4) 0 0 0
ES5 (Corresponding Yeild Stress Value to EPS5) 0 0 0
ES6 (Corresponding Yeild Stress Value to EPS6) 0 0 0
ES7 (Corresponding Yeild Stress Value to EPS7) 0 0 0
ES8 (Corresponding Yeild Stress Value to EPS8) 0 0 0
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Figure 3-15 Material Types 3 and 24 Stress/Strain Curves

3.7.3 Element Failure
The difficulty in material modeling within finite elements is the determination of the plastic strain

at which the element fails, fractures or ruptures (effectively losing strength and the ability to
maintain a stress loading). In this dissertation, the point at which an element is no longer ableto
provide resistance to loading is referred to as failure. At failure, the element is eliminated from the
analysis providing no further resistance to the global deformation.

Lemmen and Vredeveldt [59] used Material Type 24 as discussed in Section 3.7.2 and considered
two element failure criteria: 1) criteriawith bending (CB) - elementsfail at specific integration
points (stress then set to zero) when specific integration point equivalent plastic strain reaches the
failure value - fails layer by layer; and 2) criteriawith membrane strains only (CM) - stresses at all
element integration points are set to zero when equivalent plastic strain reaches the failure value in
the central layer — the element fails over its full thickness. CB was found to provide results more
consistent with their tests and is used throughout this report. Figure 3-16 illustrates the differences
between CB and CM.



Figure 3-16 Comparison of Element Failure Criteria CB and CM

Still, the determination of the element strain at failure is necessary and is discussed in the following

section.

3.7.3.1 Determination of Failure Strain
Failure of amaterial may be either ductile or brittle. Ductile failure is defined as failure that occurs

after significant material thinning and isillustrated in Figure 3-17. Brittle failure is defined as
failure that occurs without significant material thinning and is also shown in Figure 3-17.
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Figure 3-17 lllustration of Ductile and Brittle Fractures

In ship-to-ship collisions either ductile or brittle failure may occur. Which type of failure occursis
dependant on many variables such as temperature, loading, homogeneity, welds, eccentricity, and
many others. Because of the complexity of failure, most research is concentrated in the
development of a single parameter (failure strain) that accounts for both ductile and brittle fracture
on aglobal scale (i.e. applicableto all material in avessdl).

Failure strain is the value of effective plastic strain at which amaterial fails and is based on the St.
Venant theory of fracture mechanics [86]. Effective plastic strain E~ is calculated using Equation

3.8 for each element. Where Eisthe plastic strain rate given as the difference between the total
strain rate and the elastic strain rate.

Ef = 2EpE p) st 338)

In theinitial phases of using the finite element method the material failure strain as determined by
static tension tests or equivalent was used in the models. Various material tests performed include
the static tension tests of mild steel performed by Naar et a [61] yielding afailure strain of 18%

and agreeing with the value of Lehmann et a [46]. Wisniewski et a [70] reports a material failure
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strain of 17% for both mild steel and high tensile steel. Simonsen and Lauridsen [73] report a
material failure strain of 19% determined via atension test on mild steel. Kitamura[57] reports“a
lot of materia tests have shown that [failure strain] of ordinary mild steel is about 30%.” Finally,
Servis et a [60] report atested material failure strain for mild steel at 46.1%.

However, comparison of finite element models to experiment shows that the numerical failure
strain  (the value wused in the mode) is a function of the eement size
[29,57,59,60,61,69,72,73,74,75] and therefore is not purely a material property. Much research has
been performed to determine the proper value of the failure strain. Agreement as to the proper
value or relation has yet to be shown though it is generally agreed that the larger the element size
the smaller the numerical failure strain value should be. Figure 3-18 shows a collection of reported
failure strains verses element sizes as used by various authors [29,57,59,60,61,69,72,73,74,75].

Figure 3-18 Reported Failure Strainsvs. Element Length Sizes[29,57,59,60,61,69,72,73,74,75]

Paik and Pederson [29] and Kitamura[57] explain that the lower values of failure strain are used
with larger element sizes to numerically account for stress concentration factors such as cracks,
corrosion and impact loadings etc... within the model that larger size el ements do not properly

capture. For this reason, the use of small material samples for the determination of the failure strain
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isinvalid as small material samples do not provide atrue representation of actual distributions of
imperfections, stress concentrations or provide information as to an average stress state which
occurs within larger elements. Paik and Pederson also state, “ship collisions are essentially
dynamic problems and dynamic effects may not be neglected.” For this reason, the use of static or
guasi-static experiments to validate the numerical failure strain to be used within a dynamic model

isinvalid.

Kitamura[57] performed a series of dynamic drop tests and quasi-static penetrations where either
scale models were struck repeatedly by afreefaling rigid bow model of 8.44 tons or slowly
indented by the same rigid bow. Modeling these tests by finite elements arelation as shown in
Figure 3-19 for failure strain verses average element edge length was determined. However it is
unclear whether this relation was devel oped based on the dynamic tests or the quasi-static.

Figure 3-19 Kitamura Necessary Failure Strain Results [57]

To further examine the relationship between the el ement edge length and the numerical failure
strain while incorporating strain rate effects a solely dynamic yet simplified test isdesired. The
simplest dynamic test to which afinite element model is easily implemented and maintains little
computational and modeling effort is the Charpy-V-Notch (CVN) test which measures the total
material absorbed energy (Charpy energy) prior to fracture. The disadvantage of using the CVN
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test isthat the material sample is small and the distributions of imperfections; stress concentrations
or average stress state is not considered.

The Charpy energy, often called the impact energy, is determined by impacting a material sample
using a pendulum device as shown in Figure 3-20. A Pendulum of aknown massisreleased from a
known height and alowed to swing into the material sample located at the bottom of the
pendulum’s arc. The absorbed energy is cal culated by measuring the height to which the pendulum
swings after the impact.

Figure 3-20 Char py-V-Notch (CVN) Test
The standard size of a CV N test specimen is set by ASTM E23 and has the dimensions as shown in

Figure 3-21. The long dimension of the sample (55-mm) is cut parallel to the rolling direction of
the stedl.

Figure 3-21 Charpy-V-Notch (CVN) Sample Dimension

CVN impact tests conducted on ABS GR. B materials at various temperatures by Francis, Cook
and Nagy in SSC Report 276 [76] yield an impact energy verses temperature plot (Figure 3-22)
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where the transition from brittle to ductile behavior of the material occurs at 0 degrees Fahrenheit
and the upper shelf impact energy (absorbed energy in full ductile behavior range) is
approximately 57 ft-lb or Approximately 77.0 Joules. The CVN test is not however the most
accurate measure of the energy required to fracture amaterial sample. A large statistical error is
present in most tests, and reproducibility is a common problem between facilities. (SSC Report no.
235[77] reports a CVN upper shelf impact energy of 112 ft-Ib for the ABS GR. B material.)

Figure 3-22 Sample Charpy Test Data of ABS Grade B Steel [76]

Though statistically abhorrent with alow number of samples, the CVN test is till avery cheap and
affordable way to determine a statistical impact energy for a specified temperature for a material
and as such is still used by many steel manufacturer’s and ship building firms to classify the
reliability of specific materials for designed tasks such asice-breaking, cold-weather transport, and
recently collision survivability and damage prediction.

To correlate the FEM to the CV N test data, the FEA absorbed energy is compared to the absorbed
energy from the actual material (ABS GR. B) at an average service temperature of 60°F. The finite
element model of the CVN test specimen consists of aflat plate comprised of varying number of
elements and fixed on either end with a constant width of 10 mm and length of 55 mm (an example
model shown in Figure 3-23). This model is developed for the general application to deck fracture
and uses the Belytschko-Tsay shell element vice a solid element formulation as the shell element is
used in the global ship-to-ship finite element model. The use of the shell element is valid because
the stresses developed in the model are al planar and do not vary through the thickness.
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The finite element model of the pendulum impactor is modeled by arigid structure matching the
dimensions as specified by ASTM E23. The test specimen is modeled having the material
properties of ABS Grade B mild stedl as provided in Table 3-4, where the plastic strain to failure
(failure strain) is varied.

Figure 3-23 CVN FEM Mesh
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Figure 3-24 CVN FEM Analysis

Figure 3-24 shows that the material sample does not have a uniform planar state of stress and
supports the conclusions that the failure strain is not a pure material property but is sensitive to the

test configuration and geometry in finite element analysis.

The average computational time on a standard Pentium |11 Desktop computer for the CVN model
was under aminute. After several variations of failure strain (FS), element thickness (t) and
average element edge length (L) the absorbed energy (AE) was found to be afunction of t, L,
element type and material properties. By maintaining constant element type (Bel ytschko-Tsay shell
element) and all material properties except failure strain, the absorbed energy becomes a function
of t, L and FS only. Noting that the absorbed energy is alinear function of element thickness as
shown by Figure 3-25 the effects of element thickness may be eliminated such that the dimensional
parameter AE/t becomes only afunction of the dimensionless parameters L/t and FS as shown by
Equation 3.9.

AE/t = F((L/Y), FS) (3.9)
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Figure 3-25 FEA Charpy Energy vs. Sample Thickness

Maintaining a constant failure strain of 5% (for simplicity) and varying the average element edge
length and thickness of the elements within the test specimen numerical convergence of the AE/t
parameter is shown to occur in Figure 3-26 for L/t ratios greater than 2.5.

Figure 3-26 FEA Charpy Energy vs. L/T Ratio

Thus, the functional dependence of the absorbed energy on L of elements whose average element
edge length is greater than 2.5 times the element thickness may be neglected. At some L/T ratio
much greater than 2.5 the element size will not capture the physics of the material sample used
within the CVN test and this approximation method will break down. Therefore, aslong as the
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above conditions aretrue, L/t 2.5 and L/t not >>2.5, then the absorbed energy is only afunction

of the failure strain and the element thickness as shown by Equation 3.10.

AE = F(FS) if L/t 2.5 and not >>2.5 (3.10)

Examination of the effect of failure strain on the absorbed energy in the Charpy-V-Notch model,
for the ABS GR. B material shows that the absorbed energy islinearly related to the failure strain
(Figure 3-27, where AE is the absorbed energy in Joules divided by 10 and FSisthe failure strain).

Figure 3-27 FEA Charpy Energy (divided by 10) vs. Failure Strain (FS)

By matching the average of reported Charpy energy for mild steel at 60°F [76,77] to Figure 3-27
where the thickness of both test specimens (numerical and actual) is equal to 10 mm, the numerical
failure strain to properly model ABS Gr. B mild steel using Belytchko-tsay el ements with material
model and properties as given by Table 3-4 and Figure 3-15 is approximately 10% (between 6 and
14% to match the actual material test values of [76 and 77]), aslong asthe L/t 2.5 condition is
met. For ship-to-ship collision analysis afailure strain of 10% will therefore be used for most

analyses.



3.7.4 Strain Rate
The Cowper and Symonds strain rate model accounts for the effect of stain rate on yield strength.

Lemmen and Vredeveldt [59] found this model to give good results. The influence of material
inertiaforces was found to be negligible, i.e. other than the effect of strain rate, material properties

are not sensitive to velocity.

The Cowper-Symonds constitutive equation, Equation 3.11, iswidely used and has been found
adequate for many theoretical and numerical calculations [29]:

S, =5 ,[1+ (%)]% (3.11)

Where:

oD dynamic yield stress

Oy material static yield stress

& plastic strain rate when the LSDY NA viscous-plasticity option flagisset at 1
C,P materia constants

The plastic strain rate, ¢, is calculated using Equation 3.12. The materia properties C and P are
most often taken as 40.4 sec™ and 5.0 respectively for mild steel [28,29,72]. Paik et al. [28] used C
equal to 3200 sec* and P equal to 5.0 for high tensile steel materials based on unidentified test
data. These values of C and P for mild steel and high strength steel are used in the collision
analysis presented here. Ship to ship collision strain ratesin this project reach maximum values of
approximately 0.1 sec™™. These result in adynamic yield stress that is 1.3 times the static yield
stressin mild steel and can have a significant effect on the results.

g =2 (3.12)
Where:

Dep  isthechangein plastic strain;
Dt isthe time step.
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3.8 Cadlibration
The LSDY NA methodology presented above is calibrated (time step, damping factors and analysis

control parameters adjusted) using one real collision event described by Minorsky’s[9] collision
data as this was the only near complete set of datarequired for an FE analysis after two years of
search. The calibration case is the collision between the David E. Day and the Marine Flier [84] in
the Pacific Ocean on May 17, 1952. Only one collision event is used for the calibration of the finite
element analysis of ship-to-ship collisions because the majority of the information necessary for
the modeling of the collision event is difficult to obtain. Structural design drawings, specific ship

data and collision parameters are often not reported or available to the open public.

3.8.1 David E. Day - Marine Flier Collision
On May 17, 1952 the C4 cargo vessel “Marine Flier” struck the T2 tanker “David E. Day” at a

reported 55-degree collision angle between frames 59 and 62 of the David E. Day, approximately 9
meters forward of amidships. The reported vessel speeds at the time of the collision were 16.3
knots for the David E. Day and 16.5 knots for the Marine Flier causing areported 17 ft of
penetration and 35 ft of damage length. However, extensive examination of documents related to
the collision reveal that the actual speeds of the Marine Flier and David E. Day at the time of the
collision were closer to 5 to 7 knots and the collision angle was in actuality between 50 and 55
degrees. In part these changes are due to last minute “Full Astern” and “Hard Right Rudder” orders

given by the masters of each vessel in the effort to avoid the collision.

Structural drawings for both ships were obtained through the National Archives and Records
Administration and specific data was used within the LSDYNA FEM model shown in Figure 3-28.
Appendix C providesinformation on the “Marine Flier” while appendix F provides information on
the “David E. Day”. The collision angle was set at 51 degrees with a collision location of 10 meters
forward of amidships. Theinitia striking vessel speed was 5.5 knots, while the struck vessel speed
was approximately 7 knots. The FEM results are 5.09 meters or 16.7 ft of penetration and 10
meters or 32.8 ft of damage length. The FEM results are non-conservative by approximately 1.8%
in penetration and 6.3% in damage length compared to Minorsky’ s [9] reported penetration and
damage length values.
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Figure 3-28 David E. Day - Marine Flier Collision Analysis FEA M odel

Figure 3-29 through Figure 3-52 provide avisual record of the David E. Day — Marine Flier
collision at half-second intervals until the end of the collision event occurring at 4 seconds. The
sustained damage within the finite element analysisis representative of the textual description of

the damage reported in [84].
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Figure 3-29 David E. Day Marine Flier FEA Damage at 0.5 Seconds

Figure 3-30 David E. Day FEA Hull Damage at 0.5 Seconds

Figure 3-31 Marine Flier FEA Bow Damage at 0.5 Seconds
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Figure 3-32 David E. Day - Marine Flier Damage at 1.0 Seconds

Figure 3-33 David E. Day FEA Hull Damage at 1.0 Seconds

Figure 3-34 Marine Flier FEA Bow Damage at 1.0 Seconds
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Figure 3-35 David E. Day - Marine Flier FEA Damage at 1.5 Seconds

Figure 3-36 David E. Day FEA Hull Damage at 1.5 Seconds

Figure 3-37 Marine Flier FEA Bow Damage at 1.5 Seconds
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Figure 3-38 David E. Day - Marine Flier FEA Damage at 2.0 seconds

Figure 3-39 David E. Day FEA Hull Damage at 2.0 seconds

Figure 3-40 Marine Flier FEA Bow Damage at 2.0 Seconds
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Figure 3-41 David E. Day - Marine Flier FEA Damage at 2.5 Seconds

Figure 3-42 David E. Day FEA Hull Damage at 2.5 Seconds

Figure 3-43 Marine Flier FEA Bow Damage at 2.5 Seconds
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Figure 3-44 David E. Day - Marine Flier FEA Damage at 3.0 Seconds

Figure 3-45 David E. Day FEA Hull Damage at 3.5 Seconds

Figure 3-46 Marine Flier FEA Bow Damage at 3.0 Seconds
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Figure 3-47 David E. Day - Marine Flier FEA Damage at 3.5 Seconds

Figure 3-48 David E. Day FEA Hull Damage at 3.5 Seconds

Figure 3-49 Marine Flier FEA Bow Damage at 3.5 Seconds
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Figure 3-50 David E. Day - Marine Flier FEA Damage at 4.0 Seconds

Figure3-51 Marine Flier FEA Bow Damage at 4.0 Seconds

Figure 3-52 David E. Day FEA Hull Damage at 4.0 Seconds
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3.9 Summary of Finite Element Analysisin Ship-to-Ship Collisions
While the methods of finite e ement analysis discussed above seem to provide reasonable and

validatable results as shown in Section 3.8.1, the use of finite element analysis for design
optimization or the devel opment of variable response surfacesis currently impractical due to the
computational requirements of the finite element methods. A practical exampleisthe use of a
small Monte Carlo optimization [35] scheme where 1000 analysis are used varying a set number of
design parameters for asingle collision scenario. Being conservative and using only one fourth of
the average ship-to-ship finite element analysis time on a Pentium 1V desktop yields asingle
anaysistime of 22 hours. Thus, 1000 anaysis requires at minimum 22000 hours or precisely 2 %2
years. If four collision scenarios are examined, then afull decade of computational timeis
required.

Obvioudly, the speed at which computer technology improves will reduce the decade wait, but with
the increased power of the computer, the wish to improve the detail of the finite element collision
model will aso occur thus continuously placing the ability of finite element analysis for the usein
ship-to-ship collision analysis always one step behind. As such, the use of finite element analysis
used within the remaining of thisreport is relegated to the application of avirtual laboratory
assisting in the development and proof of theories and arguments as discussed in later Chapters. An
example LSDY NA finite element input file for the David E. Day — Marine Flier collisionis

presented in appendix I.
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4 Simplified Methods
With the high computational cost of finite element analysis, other methods of determining the

damage sustained during ship-to-ship collisions were evaluated. Many authors and institutions
have investigated aspects of ship-to-ship collisions. A short summary of the methodsis provided in
the following section with the more applicable methods to this dissertation being discussed in
detail in Sections 4.3 through 4.5.

4.1 Timeline and Summary
In 1959 Minorsky developed an empirical methodology to determine the energy absorbed by a

ships side structure when struck by another vessel. In 1974 McDermott devel oped a method of
analysis for minor ship collision energy absorption prior to rupture through a membrane strain and
web collapse formulation. In 1975, Rosenblatt & Sons, Inc. combined the work of Minorsky and
McDermott to yield amethod of analysis for ship collision energy analysis through hull rupture. In
1979 Woison proposed modifications to Minorsky’s method based on model tests and proposed the
idea of a soft bow to absorb energy in the ship-to-ship collision event. Prior to Woison, work with
ship-to-ship collisions considered arigid bow approach. In 1982 Amdahl, based on Woison’sidea
of a soft bow, developed a method of analyzing the crushing force of abow based on Wierzbicki’'s
formulations for the crushing of cruciforms, angles and T-sections. Hutchinson, in 1986, devel oped
a probabilistic method for predicting hull damage to ships based upon Minorsky’s method as
extended by Jones and van Matter (1980). In 1988 Y ang and Caldwell modified Amdahl’s work on
the collision energy absorption of ships' bow structures and in 1993 Pederson proposed an
empirical method for predicting the energy absorption of ships bowsin collision. From 1993 to
1999 the MIT-Joint Industry Research Project produced the program DAMAGE that determines
the absorbed energy of struck shipsin collisions and groundings through methods devel oped by
Wierzbicki and Simonsen. From 1995 to 2004 Brown and students developed SIMCOL a
probabilistic approach to ship collisions assessing damage and oil outflow based on the work of
Minorsky, Rosenblatt and Hutchinson. Both DAMAGE and SIMCOL consider arigid striking
bow. Finaly, In 2001 Denmark Technical University (DTU) released a collision model similar to
DAMAGE that incorporates a deformable bow model based upon the work of Amdahl and
Pederson. Prior to detailed discussion of the methodol ogies of the varying treatments of ship-to-
ship collisions, alist of important or necessary characteristics (summarized from previous Chapters
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and presented in section 4.2) of any ship-to-ship evaluation tool is provided for the convenience of

model comparisons.

4.2 |Important Characteristics of a Ship-to-Ship Collision Model
From details of Chapters 1 through 3 the following list of characteristics necessary for any

analytical ship-to-ship collision method is provided. Thislist can be used to determine the
completeness of any method and provides away to compare each of the methods referenced in
Section 4.1 and discussed in Sections 4.3 through 4.5.

Post Collision Momentum — Any collision anaysis method should include the

determination of each of the energy components of Equation 2.2 including the energy
remaining in the system as kinetic energy due to the post collision motion of the combined
vessels as occursin inelastic collisions.

Struck Ship Forward Velocity — The collision analysis method must consider struck ship

forward velocity and its contribution to the initial kinetic energy of the system.

Oblique Angle Collisions — The collision analysis method must consider collisions which

are not ninety degree T-bone collisions, but occur at varying oblique angles. Few actual
collisions occur at exactly a ninety-degree collision angle.

Determination of Energy from Eight Energy Absorbing Structures — The collision analysis

method must consider the energy absorbed from the eight critical energy absorbing
structures as found in Chapter 2.

Deformable Bow — The collision analysis method should consider a deformable or energy

absorbing striking ship bow structure as some bow structures may not properly be treated as
rigid as discussed in Section 2.4.

Longitudinal Extent of Damage — The collision analysis method must consider not only the

penetration of the striking ship into the struck ship, but also the length of damage aong the
struck ship known as the longitudinal extent of damage for the determination of the full
extent of damage which occurs to the vessel during the collision.

Low Computational Cost —Asdiscussed in Section 3.9, the collision analysis method must

encompass alow computational cost while maintaining high solution fidelity. The method
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must allow for the implementation within an optimization scheme or be used to create
response surface curves for use within vessel design phases.

Coupling of Internal Mechanics and External Dynamics — The collision analysis must

consider the effect of the interaction between the global behavior of the vessels and the

local deformation and resulting forces.

4.3 Methods for Determining Energy Absorbed by the Struck Ship

4.3.1 Minorsky (Energy Coefficient) M ethod
Minorsky’s correlation between the volume of ship structure damaged within a collision and the

collisions kinetic energy is based upon the following three assumptions:
Only the component of the striking ship speed normal to the course of the struck ship
contributes to the kinetic energy available to cause damage;
The mass of the water entrained during the collision in the sway of the struck ship is equal
to forty percent of the displacement of the struck ship;
The callision is an inelastic event.
Using these assumptions the kinetic energy absorbed in damaging the ship structures during the
collision is given by Equation 4.1.

(4.1)

Where:
KE isthe energy absorbed due to damaging structure in the collision
Mgs isthedisplaced mass of the striking ship
Mgs isthe displaced mass of the struck ship
Cmz2 ISsthe added mass coefficient in sway
Vgs isthevelocity of the striking ship

0 isthe collision angle
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By plotting the kinetic energy absorbed in damaging the ship structures during the collision verses
the volume of damaged steel material within each collision for severa collisions as reported by
Minorsky [9] and fitting the data points through a linear least squares fit the correlation between
the kinetic energy and the damaged volume is given by Equation 4.2.

(4.2)

Where Rt is the volume of damaged stedl, the coefficient multiplying Ry is the energy coefficient
and the intercept term represents the energy absorbed in puncturing and tearing through the shell of
the struck ship (membrane energy). Reardon and Sprung [15] reevaluated Minorsky’s correlation
adding new collision cases after Minorsky’ s original 1959 data and estimated the intercept term
based upon the average of shell damage energy from seven collisions. Based upon the new data,
Reardon and Sprung [15] reported an updated Minorsky correlation given by Equation 4.3.

(4.3)

Minorsky’ s assumptions are conservative, not considering the energy due to the motion of the
struck vessel and only considering aforty percent increase of the mass of the struck vessel in sway
motion. Paik, Choe and Thayamballi [28] neglect Minorsky’ sfirst assumption and allowed the
kinetic energy available within the collision to be a function of the relative velocity between the
two ships, the KE function reported is:

lV(l+cal)>(1+c‘,12)><l\/|1><l\/lz NE

DKE =
L+ M+ (LHc,) M,

(4.4)

Where ¢4 and ¢y, are the added mass coefficients for the striking and struck shipsin surge and
sway respectively, M1 and M, are the displaced masses of the striking and struck ships
respectively, and V, isthe relative velocity between the two vessels as given by Equation 4.5.

V, =V, +V, cos(q) (45)
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V; and V; are the forward velocities of the striking and struck ships respectively. Applying
Equation 4.4 to the collision data of Reardon and Sprung yields an empirical relation for KE as
given by Equation 4.6.

KE = 33xRt + 28.4 (4.6)
The results of Reardon and Sprung, and Paik, Choe, and Thayamballi’s empirical approximations

are shown Figure 4-1 and Figure 4-2. The high scatter of the resultsin Paik, Choe, and

Thayamballi’s empirical approximations becomes more prominent with the use of additional data

points.
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Figure 4-1 Reardon and Sprung Absorbed Energy vs. Damaged Volume
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Paik, Choe & Thayamballi (2002)

1200

1000

800 -

600 -

y = 33.032x + 28.4

400

Absorbed Energy (MJ)

200 -

0 2 4 6 8 10 12 14

Damaged Volume (m”3)

Figure 4-2 Paik, Choe and Thayamballi Absobed Energy vs. Damaged Volume

Severa authors have investigated the Minorsky energy coefficient attempting to determine aless
empirical approach to the value. Of these, Pedersen and Zhang [14] and Paik and Pedersen [29]
approaches are discussed here.

4.3.2 Pederesen and Zhang Energy Coefficient
Pedersen and Zhang developed arelation for the energy absorbed per volume of damaged steel

material from the work of Amdahl [23] and Wierzbicki and Abromowicz [87]. The method is
based on the crushing, folding and denting modes of L, T or X shaped cross sections. The
developed formulation of the Energy Coefficient (Ecoe) IS given by Equation 4.7. WhereK isa
coefficient that depends on the geometrical shape of the crushed structure, the authors proposed an
average value of 3.5 for K.
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Eoe = Ko, X(1)° 4.7)

oo istheflow stress, t isthe average thickness and b is the span of the crushed material. Figure 4-3
shows the comparison of afitted line (Minorsky approach) to data points evaluated using Pedersen
and Zhangs method of Equation 4.7 on Minorky’s origina data[9].

Pedersen & Zhang (1998)

1200

1000

800 -

600 -

400 -

Absorbed Energy (MJ)

y = 45.432x + 28.4
200

0 2 4 6 8 10 12 14

Damaged Volume (m”3)

Figure 4-3 Peder sen and Zhang Absorbed Ener gy vs. Damaged Volume
Pedersen and Zhang also devel oped arelation for the cutting and tearing of bare plate that is given

by Equation 4.8. " is the width of the tearing object (often rigid wedge width) if steady state
tearing has been reached otherwise I' is the torn length of the plate.

Eo =3.215 , (1) 48)
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4.3.3 Paik and Pedersen Energy Coefficient
Paik and Pedersen developed two relations for the energy coefficient based on the crushing and

folding cutting and tearing damage modes of plated structures (with, and without, material strain
rate effects). These formulations are derived from Amdahl [23] and are well formulated within
[29]. Equation 4.9 is the formulation of Ecy Without strain rate effects and Equation 4.10 includes
the effect of strain rate.

E... = (1.9514%1)°° +0.3661%) x5 (4.9)
Ern = (U (o)) ML.9514(1)°° +0.36614) 55, (4.10)

Vm isthe mean impact speed that is determined by Equation 4.11.

(VAR 4 (4.11)

Where §(t) is the relative motion between the striking and struck vessels.

434 ALPS/SCOL
ALPS/SCOL is acoarse-mesh 3-D non-linear finite element code using super-elements based on

the Idealized Structural Unit Method (ISUM) [28,29]. The geometry of the striking and the struck
shipsisdescribed in aglobal (three-dimensional) rectangular coordinate system. The stressin an
ISUM unit is described in alocal element coordinate system. ALPS/SCOL considers sway and
yaw of the struck ship with the following assumptions:

The added masses of the striking and the struck ships are calculated based on ships of similar

type and size using a linear strip theory-based computer program.

The striking ship is assumed to berigid.

The analysis of the external and the internal dynamicsis undertaken separately.

The longitudinal velocity of the struck ship is not considered.
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Since ALPS/SCOL is based on asimplified 3-D nonlinear finite element approach, damage in three
directions (penetration, vertical and horizontal damage) is considered.

The geometry of the striking ship bow shape is described by gap/contact elements. One cargo hold
of the struck ship is taken as the extent of the struck ship analysis. ISUM stiffened panel unitsare
used to model the struck vessel structure.

The geometry of the struck ship is described using rectangular or triangular ISUM units. If the
deformation of the struck ship is symmetric, the total degrees of freedom in the numerical model
are reduced by half. Each node has 3 degrees of freedom. Figure 4-4 shows damage cal culated in
atypical ALPS/SCOL simulation.

Figure 4-4 Damage from ALPS/SCOL Simulation

Design data required for the striking ship includes a detailed bow geometry description, length,
beam, depth, draft and displacement. Design data for the struck ship includes, length, beam, depth,
draft and displacement, transverse bulkhead location, COG, and detailed structural design and
scantlings. Scenario data required includes striking ship velocity and longitudinal location of
impact in the struck ship.
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435 DAMAGE
DAMAGE [10] is atwo-degree of freedom (DOF) model developed at MIT. Both sway and yaw

are allowed motions of the struck ship, however the striking ship is only allowed one DOF, surge.
DAMAGE is based upon the following assumptions:

The collision angleis ninety degrees

The struck ship has zero initial energy

The kinetic energy paralel to the struck ship centerlineis negligible
The collision istotally inelastic

The final speeds of both the striking and struck ships are found using the conservation of linear and
angular momentum. From DAMAGE, the total kinetic energy absorbed within the collision (AE) is
given by Equation 4.12.

(4.12)

M3y isthe virtual mass of the struck ship including the added mass in sway, M is the virtual mass
of the striking ship including the added mass in surge and 11 is the virtual moment of inertiain
yaw of the struck ship including the yaw added mass (moment of inertia). V{1, Vf, and wf; are the
final velocities of the struck (1) and striking (2) ships, and Vi, istheinitial velocity of the striking
ship.

4.4 Methods for Determining Energy Absorbed by the Striking Ship Bow

441 Amdahl’sMethod
Amdahl’s model for the energy absorption of a striking ship bow is based on theoretical

considerations and is correlated against model test results [23]. The model considers the energy
dissipated during plastic deformation of basic structural elements such as angles, T-sections and
cruciforms. The total crushing load of a specific structure is obtained by adding up all basic
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element crushing-loads. Amdahl’s method leads to the following equation for average crushing
length.

(4.13)
Thetotal crushing load isthen found by Equation 4.14.

(4.14)
Where:
Oc is the average crushing strength of the bow;

00 isthe ultimate strength of stedl;

T is the average thickness of the cross section under consideration;
DA  isthe cross sectiona area of the deformed steel material;

Ne is the number of cruciformsin the cross section;

nr is the number of T-sectionsin the cross section;

nat  isthe number of angle and T-sectionsin the cross section.

Appendix G provides a detailed calculation using Amdahl’ s method for the 150K DWT Bulk
Carrier Bow Model described in Appendix A.

4.4.2 Pedersen’sMethod
Pederson [22] proposed a simplified method that consists of an empirical expression to estimate the

maximum bow collision load. The maximum bow collision load is given by Equation 4.15.

(4.15)
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Where:

Poow 1S the maximum bow collision load in MN;
Po is Pederson’s reference load equal to 210 MN;
Lbar  ISnon-dimensional length given as LBP/275;

Evae  iSthe non-dimensional energy given astheinitial energy divided by 1425 MN-m.

Thetotal penetration or crush length of the bow of the striking vessel is given by Equation 4.16 and
the total duration of the impact is given by Equation 4.17.

(4.16)

(4.17)

Where:

Eo istheinitial kinetic energy of the striking ship;
Smax  ISthetotal crush distance of the bow;

Vs is the maximum service speed of the striking ship.

Appendix H provides a detailed cal culation using Pedersens method for the 150K DWT Bulk
Carrier Bow Model described in Appendix A.

4.5 Methods for Determining Energy Absorbed by Both the Striking and Struck
Ships

45.1 DTU Collision M odel
The Technical University of Denmark (DTU) ship collision model solves the external ship

dynamics problem uncoupled from the internal mechanics problem and applies the calculated
absorbed energy to plastic deformation of the struck ship. Solution of the external dynamicsis
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accomplished based on an analytical method developed by Pederson and Zhang. [14] This method
separately estimates the fraction of the kinetic energy that is available for deformation of the ship
structure in the transverse and longitudinal directions. Where the largest assumption of the method
isthat the ratio of the energy dissipation in the longitudinal direction to the transverse direction is
constant over the entire collision. The energy loss for dissipation by structural deformation is
expressed in closed form expressions. The procedure is based on arigid body mechanism, where it
is assumed that there is negligible strain energy for deformation outside the contact region, and that
the contact region islocal and small. Thisimplies that the collision can be considered
instantaneous as each body is assumed to exert an impulsive force on the other at the point of
contact. The model includes friction between the impacting surfaces so those situations with
glancing blows can be identified. Both ships have three degrees of freedom: surge, sway and yaw.
The interaction between the ships and the surrounding water is approximated by simple added
mass coefficients, which are assumed to remain constant during the collision. The lossin kinetic
energy by the method is determined in two directions, perpendicular and parallel to the side of the
struck ship. Both the right and oblique angle collisions are considered and both vessels may have
velocity before the collision. The model for the internal mechanics is based on a set of super-
elements, where each element represents a structural component. The calculation method is based
on the principle that the area of the struck vessel affected by the collision isrestricted to the area
touched by the striking vessel. The super-elements and mechanisms are:

Lateral plate deflection and rupture. Large deflections are assumed; thisimplies that the

bending resistance can be neglected

Crushing of structure intersection elements (Cruciform or T-Section € ements)

In plane crushing and tearing of plates

Beam deflection and rupture
The design datafor the struck vessel includes length, beam, depth, draft, displacement, center of
gravity (COG) and detailed structural design and scantlings. The bow of the striking vessel is
assumed to be deformable through Amdahl’s [23] approach for longitudinally stiffened bows or
Lehmann and Yu [46] for transversely stiffened bows however, only the striking ship bow or the
struck ship side structure may deform in any one time-step. By a comparison of the crushing
energies for the bow and side of the struck vessel it can be determined which structure deforms
during the considered time step. If the striking vessel is equipped with a bulbous bow, the analysis
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of the crushing forcesis separated into a bulb analysis and an analysis of the top of the bow above
the bulb. The design data for the striking vessel includes stem angle, breadth, bow height, and
structural details and scantlings. If the bow is equipped with a bulb, thisis assumed to have the
form of an elliptic parabola. Scenario data required includes striking and struck ship velocity,
collision angle and longitudinal location of impact at the struck vessel. Further detailson DTU’s
collision model can be found in [88].

452 SIMCOL Version 2.1
SIMCOL Version 0.0 was developed as part of the work of SNAME Ad Hoc Panel #3 [2,11]

where a probabilistic approach to the determination of damage extents was employed. Based on
further research, test runs and the need to make the model sensitive to a broader range of design
and scenario variables, improvements were progressively made at VirginiaTech [35]. A sweeping
segment method was added to the model in SIMCOL Version 1.0 to improve the calculation of
damage volume and the direction of damage forces. Models from Rosenblatt [16,18] were applied
inVersion 1.1 assuming rigid web frames. In Version 2.0, the lateral deformation of web frames
wasincluded. InVersion 2.1, the vertical extent of the striking ship bow is considered. Version 2.1
is described in this section.

SIMCOL uses aforward difference time-domain simultaneous solution of external ship dynamics
and internal deformation mechanics similar to that originally proposed by Hutchison [12].
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Figure 4-5 SIMCOL Simulation Process

Figure 4-5 shows the SIMCOL simulation process. The Internal Sub-Model performs Steps 2 and 3
in this process. It calculates internal deformation due to the relative motion of the two ships and the
internal reaction forces resulting from this deformation. The External Sub-Model performs Steps 1
and 4 in this process. It appliesthe internal forces to the global motion of the two ships and

calculates the resulting accelerations, velocities and motions of the two ships during a time step.

45.2.1 SIMCOL Version 2.1 External Dynamics Sub-Model
The External Dynamics Sub-Model uses a global coordinate system shown in Figure 4-6. Its

originisat theinitial (time of strike) center of gravity of the struck ship with the x-axis towards the
bow of the struck ship. Theinitial locations and orientations of the struck and striking shipsin the

global coordinate system are:
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Xp0 =-lg + BZF’zcosfO
B, . Lers
=—+ sinf
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C/z,ozfo'p
where:

X1, Y1 center of gravity of the struck ship (m), assumed at amidships,
01 heading of the struck ship;

X2, Y2 center of gravity of the striking ship (m), assumed at amidships;
02 heading of the striking ship;

LBP, length between perpendiculars of the striking ship (m);

B; breadth of the struck ship (m); and

f collision angle.

Figure 4-6 SIMCOL External Ship Dynamics
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A local damage coordinate system, x-h, is established on the struck ship to calculate relative
movement and collision forces. The origin of this system is set at amidships on the shell plate of
the damaged side of the struck ship. Axes x and h point aft and inboard relative to the struck ship.
Local coordinate systems are also established at the centers of gravity of both struck and striking
ships. Forces and momentsin the local systems are transformed to the global x-y system for
solution of the ship dynamics. In the local ship systems, the hydrodynamic added mass for each
ship isatensor in the form:

dy Qp a3
A= a, ay, ay (4.19)

A3 Az dag

Considering the approximate symmetry of the ships, and with the center of gravity of the ships
assumed to be at amidships, the off-diagonal terms of the added mass tensor for each ship are

ZEYos.
a, O 0
A= 0 a, O (4.20)
0 0 a;
Where:

a1  added massin the surge direction (kg);
axp  added massin the sway direction (kg); and

ag  added massin the yaw direction (kg-m?).

The added mass tensor is transformed in accordance with the orientation of each ship to the global

coordinate system. The transformed tensor, Aq, for each shipiis:
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a,,c08°g+aysin’g (a; - a,)cosgsing 0
A, = (8y- ay)cosgsing a,sin“g+a,cos’g 0 (4.21)
0 0 Ag3

The added mass in surge is approximated by the added mass of a circumscribed cylinder [12]. The
added mass in surge, a;1, for each shipiis:

3 3
ay, = g rp(%) 2 =0.75225r (BT)?2 (4.22)
Where:
r density of seawater, 1025 kg/m>;

B breadth of the ship (m); and
T draft of the ship (m).

The added mass in sway is approximated assuming that the cross sections of ships are rectangular

[12]. The added massin sway, ay,, for each shipis:

a,, =1.189/T L g (4.23)

Similarly, by assuming that the water planes are rectangular, the added mass in yaw, ass, is[12]:

2 3
=288 e _ 6 0901/72L 2
24 (4.24)

Instead of calculating added mass directly, added mass coefficients may be used where:

a; = CylMg
Ay = Gyl (4.25)
83 = Cygl ez
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Coefficients are used in this report to standardize results when compared to other models. Assumed

added mass coefficients are 0.05 in surge (C11), 0.85 in sway (C;2) and 0.21 in yaw (Csa).

The actual mass for each ship is also represented by atensor:

m 0 O
Mgp= 0 mg O
where:

ms  ship mass (kg); and

lss  mass moment of inertia about the yaw axes of each ship (kg-m?).

The virtual mass, My, for each shipis then:

My My O
My, =Mgip A, = My My, 0
0 0 lyas
m, +a,, 008’ g +a,,SN’qg  (ay - a,)cosgsing 0
= (ay- ap)cosgsing  m,+ay,sin’g+a,,cos’q 0
0 0 | 33 +ag3

(4.26)

(4.27)

In Steps 2 and 3 of Figure 4-5, the Internal Model calculates the resulting deformation, and the

average forces and moments generated by this deformation over the time step as discussed in

Section 4.5.2.2. In Step 4 of Figure 4-5, these forces and moments are applied to each ship. The

new acceleration for each shipis:

V¢:L
M

VJ

or:
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Famy 2 - Fymys,
My My 2 - nﬁlz
_ Fymy, - Famygp

my1My 2 - ”\312

we= M

IV33

u¢=

ve (4.29)

Where:

F forces exerted on each ship in the global system, F = {Fx, Fy, M} ";

Fx forcein the X direction in the global coordinate system (N);

Fy forcein the Y direction in the global coordinate system (N);

M moment about the center of gravity of each ship (N-m);

V¢  ship acceleration, V<¢={u¢ v¢ wg ";

uc acceleration in the X direction in the global coordinate system (m/s%);

ve acceleration in the Y direction in the global coordinate system (m/s?); and
w¢  angular acceleration of each shipin yaw (degree/s?).

The new velocities for each ship at the end of the time step are:

Vignu =Vgn + V2 (4.30)

s,n S
Where:
n time step number; and

t length of the time step (second).

Referring to Figure 4-5, step 1, the velocities from the previous time step are applied to the ships to

calculate their positions at the end of the current time step:

Xy =X, +V (4.31)
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Where:

X location and orientation of each ship in the global system, X ={x, y, g} ".

45.2.2 SIMCOL Version 2.1 Internal Sub-Module
Referring to Figure 4-5, Steps 2 and 3, the Internal Sub-Model calculates the struck ship

deformation resulting from the ships' relative motion, and the average internal forces and moments
generated by this deformation over the time step. The Internal Sub-Model determines reacting
forces from side and bulkhead (vertical) structures using detailed mechanisms adapted from
Rosenblatt [16,18] and discussed in detail within this section. It determines absorbed energy and
forces from the crushing and tearing of decks, bottoms and stringers (horizontal structures) using
the Minorsky correlation [9] as modified by Reardon and Sprung [15], Equation 4.3. Total forces
are the sum of these two mechanisms. In SIMCOL Version 2.1, the striking ship bow is assumed
to be wedge-shaped with upper and lower extents determined by the bow height of the striking ship
and the relative drafts of the two ships. Deformation is only considered in the struck ship. The

striking ship is assumed to berigid.

Web frames acting as a vertical beam
distort in bending, shear or compression

I

v

v

Strike at web Strike between
frame webs
v v
Analyze each shell Analyze each shell
separately separately with

consistent with nodes consistent

web deformation. with web
deformation.

ints!

Figure 4-7 Web Deformation in SIMCOL
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Penetration of the struck ship begins with the side shell plating and webs (vertical structures).
Figure 4-7 illustrates the two basic types of strike determined by the strike location relative to the
webs. The following assumptions are made consistent with Rosenblatt [18]:

Plastic bending of shell plating is not considered - The contribution of plastic bending in the
transverse deformation of longitudinally stiffened hull platesis negligible. The sample
calculation sheets in Rosenblatt [18] support this argument. In six test cases, the energy
absorbed in plastic bending never exceeds 0.55% of the total absorbed energy when the
cargo boundary is ruptured. It isagood assumption that the plastic membrane tension
phase starts from the beginning of collision penetration and is the primary shell energy-
absorption mechanism.

Rupture of stiffened hull plates starting in the stiffenersis not considered - As suggested in
McDermott [16], this mechanism is unlikely for most structures except for flat-bar stiffened
plates. Itisastandard practice to use angles instead of flat bar for longitudinal stiffeners of
side shell and longitudinal bulkheads, therefore, this option is not considered in SIMCOL.
Web frames do not yield or buckle before plates |oad in membrane tension - McDermott
demonstrates that this mechanism is unlikely and does not contribute significantly to
absorbed energy in any case. This mechanism requires very weak web frames that would

not be sufficient to satisfy normal sea and operational loads.

SIMCOL Version 1.1 assumes that flanking web frames are rigid. Version 2.0 and subsequent

versions consider the transverse deformation of webs.

In aright-angle collision case, Equation 4.32 gives the total plastic energy absorbed in membrane
tension in time step n. This assumes that the plate is not ruptured, that flanking webs do not deflect
in the longitudinal direction, and that compression in the side shell caused by longitudinal bending
of ship hull girder issmall.

EI"I =Tm etl"l

(4.32)
Th=Sn,tBe
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Where:

E, plastic energy absorbed by side shell or longitudinal bulkhead (J);

Tm membrane tension (N);

Sm yield stress of side shell or bulkhead adjusted for strain rate (Pa);

€n total elongation of shell or bulkhead structure within the web spacing;
t smeared thickness of side shell or bulkhead (m);

Be effective breadth (height) of side shell or bulkhead (m);

Figure 4-8 M embrane Geometry

Figure 4-8 illustrates the membrane geometry for calculation of elongation where e; and e, are the
elongation of legsL; and L, respectively:

2

g =L +w’ - L @ZVT
i (4.33)
6 =6 +e, = w?
2L,L,
Where:

Lg damage length, or distance between adjacent webs (m)
Wi deflection of side shell or bulkhead at time step n (m)

89



Side shell rupture due to membrane tension is determined using the following criteria:

The strain in the side shell reaches the rupture strain, e, which istaken as 10% in ABS

sted!:

The bending angle at a support reaches the critical value as defined in Equation 4.34 [18]:

4 Sm .
e =— sing.tang. =1.5D 4.34
=35 s, cog, S 1Y (4.34)

Where:

€m maximum bending and membrane-tension strain at hull rupture;
Sm in-plate stress under membrane-tension (MPa);

Su ultimate stress of the plate (MPa);

Jc critical bending angle; and

D tension test ductility in a2-in gage length, 32% for ABS steel.

The criteriafor rupture is then:

e| - % £ er
i (4.35)
W W
.= —arctan— @— £
Qb| 2 I—i 2|—i QC
where:

e straininlegi; and
Obi bending angle at flanking web frames of legii.

Since the striking bow normally has a generous radius, the bending angle at the impact location is

not considered in the rupture criteria. From these equations, it can be seen that only the strain and

bending angle in the shorter leg need be considered for right angle collisions. Based on material
properties of ABS sted, the critical bending angle gc from Equation 4.35 is19.896, 17.318 or
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16.812 degrees for ABS grade B (mild steel), AH32 or AH36 grades respectively. Once either of
the rupture criteriais reached, the side shell or longitudina bulkhead is considered ruptured and

does not continue to contribute to the reacting force.

N - reacting force

/ component normal to

struck ship

T,—tensioninleg L,

. Theoretical resultant
neglecting propagation of
yielded zone

Theoretical resultant

T, —tensioninlegL; ’ €t ¢ )
2 A 4 considering propagation
/ of yielded zone
Fr - force required to . o
propagate yielded zone F: - nominal friction

Figure 4-9 For ce Diagram for an Oblique Angle Collision

For collisions at an oblique angle, the membrane tension is only fully developed in the leg behind
the strike, L, in Figure 4-8. Thisis demonstrated in the force diagram shown in Figure 4-9, where
Ty ismuch smaller than T,. It isalso assumed that all the plastic strain devel oped from membrane

tension is behind the striking point.

The first rupture criterion in Equation 4.35 becomes:

6="te (4.36)

Where g, and L, represent the strain and length of the leg behind the strike.
In SIMCOL Version 2.0 and later, transverse deformation of web framesis aso considered. Web

failure modes include bending, shear, and compression. Web frames are allowed transverse

deformation while keeping their longitudinal locations. The resisting force is assumed constant
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(plastic) at adistorted flanking web frame, and the transverse deformation of the web frameis
assumed uniform from top to bottom. The magnitude of this force isits maximum elastic capacity.
From Figure 4-8, the applied force on arigid flanking web frameis:

R=T,

W
o (4.37)

Where P; and T; are referred to the particular leg L. If the applied force, P;, is greater than the
maximum elastic capacity of the flanking web, Py, the particular web frameis deformed asin

Figure 4-10. The change of angle, g,, at the distorted web is:

ow
o @T— (4.38)

Figure 4-10 Deflection and Forcesin Distorted Web Frames

Rosenblatt [ 18] proposes an approach to determine whether Pi exceeds the capacity P, and to
estimate the value of P,. First, the allowable bending moment and shear force of the web frame at
each support, the crushing load of the web, and the buckling force of supporting struts are
calculated. Then, theload, P;, is applied to the web frame, and the induced moments, shear forces
and compression of the web frame and struts are calcul ated, considering the web frame as a beam

with clamped ends. The ratios of the induced loads to the allowable loads are determined using
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Equation 4.39. If the maximum ratio, Ry, is greater than unity, the load, P, exceeds the capacity,

and the web frame deforms.
P
=— 4.39
Ro= g (4:39
The deflection at the outermost distorted web frameis:
W, = = {w- g.,[nL +1(n- DHnL.]} (4.40)
n Li + nLS gcz i 2 S '
Where:
n total number of deformed web frames on the Li side; and
Ls web frame spacing (m).
The deflection at other deformed web framesis:
. 1 ) .
Wj = (n' J +1)Wn +§(n' J)(n' J +1)g02|-s (441)

Where | isthe number of web frames counted from the striking point. The elongation in adjacent

websis:

€ = \/ (W - W)+ L5 - L (4.42)

And the elongation in the struck web is:

& =4/ (W- w2+ L2 - L, (4.43)
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With these elongation and deformation results, the same rupture criteria given in equations 4.42
and 4.43 are applied to all deformed webs. Thetotal elongation onthe L; sideis:

& =G+ & (4.44)

And the energy absorbed in membrane tension and web deformationis:

E =Te +P; W, (4.45)

For right angle collisions, T; always equals T, as calculated in Equation 4.32. In oblique angle
collisions, T; equals T if L; is on the side behind the strike. Based on experimental data, Rosenbl att
[18] suggests using ¥2 T, ahead of the strike and thisisused in SIMCOL 2.1.

For double hull ships, if the web frames are distorted because of bending, shearing and buckling of

supporting struts, the deformed web frames push the inner skin into membrane tension as shown in
Figure 4-7, and the right angle collision mechanism is applied to the inner hull. Inner skin integrity
is checked using Equations 4.35 and 4.36, and the energy absorbed in inner skin membrane tension
is calculated using Equation 4.32.

In the simulation, the energy absorbed in membrane tension and web deformation during atime
stepis:

DKEn = (El,n+1 + E2,n+1) - (Ein + E2,n) (4'46)

Considering the friction force, Fy, in Figure 4-9, and assuming the dynamic coefficient of friction
has a constant value of 0.15, the reacting forces and moments are cal cul ated:
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DKE, = N, (W, - W,) +Fg|la- 1| =N, |ow,., - w,)+0.151,, - nl]
(E n+1-|-E n+1) (E1n+E2n)

P =N w,) +05 1 |
n+l - n+t1 - 'n (447)
Fo=F, |('|”+1 I| ? 0.15F,, ('"+1 || T
n+l n+l
M, =- F,d, +Fyl,
Where:

Nn = Fs Force on struck ship normal (transverse) to centerline (N)

Fn Force on struck ship parallél (longitudinal) to centerline (N)
Mn Y aw moment on struck ship (N m)

dn Distance of longitudinal line of force from centerline (m)

I Distance of transverse line of force from midship (m)

In addition to the friction force, another longitudinal force, Fg, the force to propagate the yielding
zone, is considered, as shown in Figure 4-9. McDermott provides an expression for thisforce [16]:

s,d¢ s,R° d¢ 05, s,R
FR :T d¢W 1- E +tf (b' tW) qe - dE (448)

Where:

de depth of side shell longitudinal stiffeners;
R radius of the striking bow;

tw thickness of side shell stiffener webs;

s thickness of side shell stiffener flanges;

b width of side shell stiffener flanges; and
E modulus of elasticity.
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Or when simplified:

Ce = Fe
S y At

Cp = A (4.49)
Alotal

Fr =CpCps B

Where:

Cr force coefficient;

Ca ratio of sectional areas,

Agirr Sectional areaof stiffeners; and

Awia  total sectional area of stiffeners and their attached plate.

The full implementation of this equation requires structural details that are not appropriate for a
simplified analysis. In this study, based on a sampling of typical side shell scantlings, asimplified
calculation is used where c:Ca is assumed to have a constant value of 0.025.

Since Fr aso affects membrane tension energy, Equation 4.47 become:

DKE, = Fyn|(Wiey - Wy) +0.25[ 11 - 1| |+ Frllpes - 1)
_ (Epps + Eoia) - (BEip +Epp) - Frllpar - 1)
(Wn+1 = Wn) +O.15| |n+1 = In|
[
F., = (Fg +0.15|:/m)M

||n+1' In|

Fn

n

(4.50)

Mn =" I:)(ndn + thl

n

The Internal Sub-Model determines absorbed energy and forces from the crushing and tearing of
decks, bottoms and stringers (horizontal structures) in a much more simplified manner using the
Minorsky correlation [9] as modified by Reardon and Sprung [15] provided by Equation 4.3.
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Step 2, of Figure 4-5, in the SIMCOL collision simulation process cal culates damaged area and
volume in the struck ship given the relative motion of the two ships calculated in Step 1 by the
External Sub-Model. Figure 4-11 illustrates the geometry of the sweeping segment method used
for this calculation in SIMCOL Version 2.1.

Figure 4-11 Sweeping Segment M ethod

The intrusion portion of the bow is described with five nodes, as shown in Figure 4-11. The
shaded areain Figure 4-11 is the new damaged area of decks and/or bottoms during the time step.
Coordinates of the five nodesin the x-h system at each time step are derived from the penetration
and location of the impact, the collision angle, f, and the half entrance angle, a, of the striking

bow.
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Ps is specified by the penetration and location of the striking ship relative to the struck ship:

P = {X31/73} = {l ) d}

4.51
fe=p-f (4:51)
If the parallel body of the striking ship has not penetrated into the struck ship then:
(4.52)
If the parallel body of the striking ship has penetrated into the struck ship then:
(4.53)

Where:
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P; node of penetrated bow;
Xi, hi coordinates of nodein x-h system (m); and

B, breadth of the striking ship (m).

Once the node coordinates before and after the time step are cal culated, the segment of the bow
plan that has caused further damage during the time step and the area swept by a specific segment
are determined. In the case of the segment P,P, in Figure 4-11, the out-sweeping area, Aq, during
time step nis calculated as follows:

X2,n Xl,n
/72,n hl,n

Xin  Xina
hl,n hl,n+1

Xont1 Xon|  Xine1 Xonn

(4.54)
/72,n+1 h2,n

1
Al,n =E

hl,n+1 /72,n+1

The damaged plating thicknesst is the sum thickness of deck, stringer and/or bottom structures that
are within the upper and lower extents of the striking bow. Given the damaged materia volume

(areatimes thickness), the Minorsky forceis calculated based on the following assumptions:

The resistant force acting on each out-sweeping segment isin the opposite direction of the
average movement of the segment. The force exerted on the struck ship isin the direction
of this average movement.

The work of the resistant force is done over the distance of this average movement.

Thetotal force on each segment acts through the geometric center of the sweeping area.

Using the Minorsky relation as modified by Reardon and Sprung, the energy absorbed by the
sweeping segment P1P; is then:

DKE, , =47.1 10°R;,,, =47.1" 10°A  t (4.55)
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Figure 4-12 Sweeping Segment Geometry

The average motion, S;, and the geometric center of the sweeping area, C1, for the segment P1P, in

time step n are approximated as follows (Figure 4-11 and Figure 4-12):

Select Pp,,.; 0N Py+1Ponea, sothat PpouPong = PiaPsny

1 —— "
S1,n = E(PZ,nPZ,nﬂ + I:)1,n|:)1,n+1)
1 PP
:E[lenﬂ- Py + (Pont - Prt) =t - Py, ] (4.56)
1,n+1P2,n+1
1

C1,n = Z(Pl,n + I:)Z,n + I:)1,n+1 + I:)2,n+1)

The force exerted through the segment P;P, on the struck ship, F; ,, and the moment to the origin

of the local coordinate system, M ,, are then:
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_ DKE,,

I:1,n = ‘Fl,n‘ -
N
E = I:)(1,n — I:1,n cosz 1n (4 57)
b I:/71,n I:1,n Sinzl,n .

Ml,n = OCl,n ’ I:l,n
Where s, , =[S, ,| and z1, isthe direction of Sy,

Forces and moments acting on other segments are calculated similarly. Thetota exerted force, Fp,

isthe sum of the forces and moments on each segment:

4
I:n = {in,n’ I:/7i,n' M i,n} (4-58)

i=1

These forces are added to the side shell, bulkhead and web forces.

Internal forces and moments are calculated for the struck ship in the local coordinate system, i.e.
the x-h system, and converted to the global system. The forces and moments on the striking ship
have the same magnitude and the opposite direction from those on the struck ship.
The damage length, Lp, is:

Lp =max(x; ;) - min(x ;) i=1LK,5 j=LK,m (4.59)
Where misthe time step and the penetration is given by:

Po=max(/#;) 1=1,...,5 j=1,....m (4.60)

Table 4-1 provides a summary of the modeling method used in SIMCOL version 2.1 for each
energy absorbing structure discussed in Section 2.4.
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Table 4-1 Energy Absorbing Structure M ethod Summary for SIMCOL

Energy Absorbing
Structure Modelling Method
Sideshell Adapted Rosenblatt Method
Decks Reardon and Sprung Energy Correlation with Sweeping Segment Method
Stringers Reardon and Sprung Energy Correlation with Sweeping Segment Method
Longitudinal Bulkheads Adapted Rosenblatt Method
Transverse Bulkheads Treated as Rigid
Longitudinal Girders Reardon and Sprung Energy Correlation
Transverse Girders Reardon and Sprung Energy Correlation
Webs Adapted Rosenblatt Method

4.5.2.3 SIMCOL Probabilistic Damage Assessment
SIMCOL calculates probabilistic structural damage using a Monte Carlo ssmulation [35] with a

probabilistic description of the accident scenarios as the primary input. This method uses a
simplified collision scenario and striking ship input consistent with available collision scenario and
world fleet data. The striking ship is described using a simplified wedge bow geometry [83] shown
in Figure4-11. SIMCOL aso calculates amean value of penetration, longitudinal extent of
damage and oil outflow (discussed in Section 4.5.2.4).

4.5.2.4 SIMCOL Simplified Probabilistic Oil Outflow Calculation
Current hypothetical outflow and tank size requirements for oil tankers are found in Regul ations

22-24 of Annex | of MARPOL 73/78. Recognizing that these regulations do not actually assess the
environmental performance of tankers, IMO instructed its BLG (Bulk Liquids and Gases) Sub-
Committee to develop anew accidental oil outflow regulation modeled after the probabilistic
methodology contained in the IMO Guidelines[4]. This new regulation will still not consider the
crashworthiness of the structural design. One of the primary objectives of the SIMCOL project is
to provide a methodology and model that does consider crashworthiness for potential application in
future IMO regulations. The IMO Guidelines provide a probabilistic-based procedure for assessing
the oil outflow performance of an aternative tanker design. The alternative design is compared to
selected reference double hull design based on a pollution prevention index.

The IMO Guidelines present two procedures for evaluating the oil outflow. The *conceptua”
method, applicable for conceptual design approval, assumes the ship survives the damage. For
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bottom damage, the ship is assumed to rest on the ground at itsinitial intact drafts, with zero trim
and heel. The “survivability” method, applicable to final designs, requires damage stability
calculations. For damage cases that fail to satisfy the specified survivability criterion, it is assumed
that the ship islost and 100% of all cargo oil onboard outflows to the sea.

A fully probabilistic evaluation of a specific vessel on a specific route would require development
of the following probabilities:

The probability that the ship will have a grounding or collision accident
The conditional probability density function for damage location and extent;

The expected consequences (i.e. quantity of outflow).

The IMO Guidelines do not specifically deal with the probability of whether the ship will have an
accident. Rather, it isacknowledged that the risk exists, and it is assumed that the vessel is
involved in agrounding or collision event significant enough to breach the outer hull. Thisis
because data for accidents where the outer hull is not breached is rarely recorded. The resulting il
outflow is therefore conditional on an accident significant enough to breach the outer hull. The
SIMCOL methodology is conditional only on a collision accident occurring. SIMCOL considers
accidents that do not breach the outer hull. This better reflects the true crashworthiness of a
structural design.

Rigorous application of the probabilistic oil outflow methodology contained in the IMO Guidelines
isacalculation intensive effort based on an empirical description of damage extent and location.
SIMCOL follows the basic steps of the IMO methodol ogy, but assembles the damage cases using a
Monte Carlo simulation with a probabilistic description of the accident scenarios as the primary
input. The following steps are followed in the SIMCOL process:

Step 1: Assemble Damage Cases

For each collision case in the Monte Carlo simulation, SIMCOL cal culates damage extent. Once

collision damage calculations are completed, SIMCOL determines which cargo tanks have been
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penetrated and ruptured by comparing damage extents to cargo tank subdivision boundaries
specified in the SIMCOL input. In addition to depth and Iength of penetration, SIMCOL also flags
when atank boundary is ruptured. It is assumed in side damage that if atank is penetrated and
ruptured, its entire contents are spilled. The volume of ail in each tank is specified in the SIMCOL
input. For a specified collision case, SIMCOL sums the outflow from all ruptured tanks to

determine the total outflow for the case.

Step 2: Calculate Oil Outflow

Consistent with the IMO analysis approach, 100% outflow for all cargo tanks sustaining side
damage is assumed.

Step 3: Calculate Oil Outflow Parameters

The probability of zero outflow, Py, represents the likelihood that no oil will be released into
the environment, given a collision or grounding accident. P, equals the cumulative

probability of all damage cases without outflow.

The mean outflow parameter, Oy, is the non-dimensionalized mean or expected outflow,
and provides an indication of a design’s overall effectiveness in limiting oil outflow. The
mean outflow equals the sum of the products of each damage case probability and the
associated outflow. Oy equals the mean outflow divided by the total quantity of oil onboard
the vessdl.

The extreme outflow parameter, O, is the non-dimensionalized extreme outflow, and
provides an indication of the expected oil outflow from particularly severe casualties. The
extreme outflow is the weighted average of the upper 10% of al casualties (i.e. al damage
cases within the cumulative probability range from 0.9 to 1.0).

Step 4: Compute the Pollution Prevention Index

The Pollution Prevention Index is calculated as in the IMO Guidelines.
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Alternative designs are compared to reference double hull designs by substituting the outflow
parameters for the reference design and the alternative design into the following formula:

_ (0.5)(Po) . (0.4)(0.01+Owr) = (0.1)(0.025+ Okr)
E= + + (4.61)
Por 0.01+ Owm 0.025+ Oe '

Po, Om, and Og are the ail outflow parameters for the aternative design, and Por, Oug, and Ogr are

the oil outflow parameters for the IMO reference ship of equivalent size.

4.6 Summary of Simplified Methods
Table 4-2 provides a summary of the applicability of each simplified method discussed in Chapter

4 with respect to the desired criteria set forth in Section 4.2.

Table 4-2 Simplified M ethod Summary

Energy Ahmdahl Pedersen SIMCOL
Method Coefficient | (cruciform) | Empiracle | DAMAGE DTU version 2.1
Post Collision Momentum No No No No Yes Yes
Struck Ship .Forward No No NoO No Yes Yes
Velocity
Oblque Angle Collisions No No No No Yes Yes
Deformable Bow No Yes Yes No Yes No
Longitudinal Extent of No No No No Limited Limited
Damage
Low Computational Cost Yes No Yes Yes Yes Yes
Coupled Internal
Mechanics and External No No No No No Yes
Dynamics
o Sideshell Yes Yes Yes Yes Yes Yes
c —
% Iéi?f:::g;al Yes Yes Yes Yes Yes Yes
8 Structural Yes Yes Yes Yes Yes Yes
< 9 Decks
S 5 Stringers Yes Yes Yes Yes Yes Yes
5 © Web Frames Yes No No Yes Yes Yes
c 2 Transverse
w = Yes No No No No No
=9 Bulkheads
s —
= Lgngltud|na| Yes Yes Yes Yes Yes Yes
5 Girders
© Tr.ansverse Yes No No Yes Yes Yes
Girders
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As Table 4-2 shows, the two most promising simplified analysis methods for ship-to-ship
collisions are the DTU model discussed in Section 4.5.1 and SIMCOL version 2.1 discussed in
Section 4.5.2. The DTU model is based upon a super element formulation that has the advantages
of the cruciform approximations and experiments performed by Amdahl [23] and Wierzbicki [20].
However, the internal mechanics and the external dynamics of the analysis are uncoupled and the
formulation of the structural input does not allow for an easy manipulation of the method for use
within optimization or response surface generation, as does SIMCOL.

SIMCOL, asitisinversion 2.1, islimited in its application necessitating several updates and
corrections in order to achieve the desired level of performance as set out in Section 4.2 or as
required to fulfill the objectives of the IMO as discussed in Chapter 1. These improvements include
a complete method of determining the longitudinal extent of damage through bulkheads and
transverse structure and a method for evaluating a deformable bow. Chapter 5 discusses these
improvements and inclusions within SIMCOL while creating SIMCOL version 3.0.
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5 SIMCOL Version 3.0

SIMCOL Version 3.0 has four minor and one major improvement over version 2.1. The minor
improvements are as follows and are discussed thoroughly in Sections 5.1 through 5.4. The minor
improvements are:
Modification of the energy coefficient method used for the treatment of structural decks and
stringers.
Treatment of longitudinal crushing of longitudinal bulkheads through the use of an energy
coefficient method
Treatment of transverse crushing of transverse bulkheads through the use of an energy
coefficient method
Inclusion of a deformable wedge bow model through the use of Pedersen’s empirical bow

crushing model

The major improvement to SIMCOL is the inclusion of a method for the determination of the
energy absorbed through the non-uniform longitudinal deflection of transverse bulkheads and
webs, which is a necessity whenever the longitudinal extent of damage is to be accurately
determined. The method of determining of the energy absorbed through the non-uniform
longitudinal deflection of transverse bulkheads and webs is discussed in Section 5.4.

Again, from Section 2.4, the mgjority of the energy absorbed by damage to structure within a ship-
to-ship collision is absorbed by the following eight structural members; side shell, longitudinal
bulkheads, decks, stringers, web frames, transverse bulkheads, longitudinal girders and transverse
girders. Section 5.1 discusses methods of energy absorption by the decks and stringers and
Sections 5.2 and 5.4 discuss methods of energy absorption by the side shell, longitudinal
bulkheads, web frames and transverse bulkheads. The energy absorbed by longitudinal and
transverse girdersis calculated and determined through the methods of SIMCOL 2.1 (Section
4.5.2).
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5.1 Energy Coefficient Method for use with Structural Decks ad Stringers
SIMCOL version 2.1 makes use of the Reardon and Sprung [15] energy coefficient as described in

Section 4.3 by Equation 4.3. However, the Reardon and Sprung energy coefficient formulation was
developed for a T-bone collision with a statistical damage volume method of determining energy
absorption. With this method, the mode of damage (i.e. crushing and folding or cutting and tearing)
is not important. Thus the energy coefficient of Reardon and Sprung (Equation 4.3) is not sensitive
to specific structure or the damage modes of the structure such as crushing shown in Figure 5-1 and
combined modes of crushing, folding and tearing as seen to occur with decks and stringersin

actual or finite element simulations of collisions (Figure 5-2 through Figure 5-5).

Figure5-1 Deck Crushing Showing Accordion Folding [21]

Figure 5-2 Deck Crushing Showing Bow I mpingement [21]
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Figure5-3 Plate Crushing vs. Tearing (Cutting) [21]

Figure 5-4 Rigid Wedge Cutting and Crushing Deck in Drop Test [89]

Figure 5-5 FEA Deck Cutting and Crushing
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Conseguently, an investigation of the energy coefficient methods of Reardon and Sprung and Paik
and Pedersen [29], Equations 4.9 and 4.10, is performed to determine which method most
accurately captures the energy absorption of decks and stringers when involved in collision. Paik
and Pedersen’ s methods separate the differing types of structure (decks, bulkheads etc.) and modes
of damage (crushing, tearing, etc.) and thus may be more applicable for the determination of

energy absorption by varying structural designs.

The theory for crushing, folding or tearing of deck structure used within SIMCOL with the
methods of Reardon and Sprung and Paik and Pedersen is compared to finite el ement results of a
rigid wedge striking the top deck structure of a 150k dwt double hull oil tanker, where the deck, the
supporting transverse deck frames, and longitudinal girders are included as shown in Figure 5-6.
The rigid wedge has a mass of 1.0E+06 kg and is given aforward velocity of 5 m/s. The deck
structure is described in Table 5-1.

Figure 5-6 FEA Simplified Deck Crushing and Cutting Test M odel
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Table5-1 FEA Simplified Deck Crushing and Cutting Test Parameters

Deck Length 99m
Deck Width 50m
Deck Thknss (stiffeners smeared) 31.4 mm
Tr. Deck Frame Depth 3.0m
Tr. Deck Frame Thknss (flange smeared) 15.0 mm
Outer Long. Girder Depth 30m
Outer Long. Girder Thknss (stiffeners smeared) 23.3mm
Inner Long. Girder Depth 30m
Inner Long. Girder Thknss (stiffeners smeared) 23.0 mm
Tr. Deck Frame Spacing 3.3m
Long. Girder Spacing 20m

The forward and aft most edges of the deck structure are ssimply supported (free only to rotate)
while the edge opposite of the impacted edge is clamped (no translation and no rotation). The finite
element model is comprised of Belytschko-Tsay shell elements with a uniform mesh size of 250
mm. The material of the deck structure is modeled with a Piecewise Linear Plasticity model for
stedl representing ABS Gr. B with parameters given in Table 3-4. Analysis with the Finite Element
model is performed by substituting nodal constraints on the deck in the z trandation and the
rotation about the y axis at the intersection for the transverse webs. Additionally, the longitudinal
girders are replaced with nodal constraints on the deck in the z translation and rotation about the x
axis along the intersection. Replacing the physical structure of the transverse deck frames and
longitudinal girders with nodal constraints allows an independent determination of the energy
absorbed through the deck plate alone to be evaluated. Thus, the noda constraints avoid double
counting the deformation energy of the webs and longitudinal supports. Friction is assessed
through the use of coulomb friction, Equation 3.7 and is representative of mild steel on stedl.

The finite element mode is run three times, where each iteration consists of a different rigid wedge
half entrance angle (HEA) specifically HEA = 30, 45 and 60 degrees. Representative deformation
of the deck structure is shown in Figure 5-7 through Figure 5-11 for the analysis with HEA = 30
degrees.
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Figure 5-7 FEA Deck Crushing and Tearing with HEA = 30 Degrees at 0.5 Seconds

Figure 5-8 Deck Crushing and Tearing with HEA = 30 Degrees at 1.0 Seconds
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Figure 5-9 Deck Crushing and Tearing with HEA = 30 Degrees at 1.5 Seconds

Figure 5-10 Deck Crushing and Tearing with HEA = 30 Degrees at 2.0 Seconds
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Figure5-11 FEA Plate M esh Showing Crushing and Tearing at 2.0 Seconds from HEA = 30 Degrees

Comparative results between the theory for crushing or tearing of deck structure using the Reardon
and Sprung formulation (Equation 4.3) and the finite element analysis are provided in Figure 5-12.
Comparative results between the theory for crushing or tearing of deck structure using the Paik and
Pedersen formulation without strain rate effects (Equation 4.9) and the finite element anaysis are
provided in Figure 5-12 through Figure 5-14. Finally, comparative results between the theory for
crushing or tearing of deck structure using the Paik and Pedersen formulation with strain rate
effects (Equation 4.10) and the finite element analysis are again provided in Figure 5-12.

Figure 5-12 Absorbed Energy vs. Penetration at HEA = 30 Degrees
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Figure 5-13 Absorbed Energy vs. Penetration at HEA = 45 Degrees

Figure 5-14 Absorbed Energy vs. Penetration at HEA = 60 Degrees
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All analyses are run until the initial kinetic energy of the striking rigid bow is absorbed (1.25E+07
Joules). Therefore, the determination of the best method is based on a correlation coefficient
between the finite element results and the energy coefficient method. Determination of the
correlation coefficient (or average error) is provided in Equation 5.1 where a correlation coefficient

of 1 means perfect correlation.

N (5.1)
Where:
FE;  valueof finite element ordinate
T value of energy coefficient (or other method) ordinate

N number of abscissa data points

Table 5-2 provides the correlation results of all tests at HEA = 30 degrees.

Table 5-2 Correlation Results of Energy Coefficient Methodsto FEA at HEA = 30 Degrees

Method R (HEA = 30)
Reardon & Sprung 0.683
Paik & Pedersen w/o
strain rate effects 0.779
Paik & Pedersen w/
strain rate effects 0.658

At an HEA of 45 and 60 degrees the correlation coefficients for the Paik and Pedersen formulation
without strain rate are 0.77 and 0.82 respectively. As shown by Table 5-2 the most appropriate
energy coefficient method (of those tested) for use within SIMCOL version 3.0 for the
determination of the energy absorbed by structural decks and stingersis Paik and Pedersen’s
formulation without strain rate effects as given by Equation 4.9. Additionally, Paik and Pedersen’s
formulation without strain rate effects is more conservative to the Paik and Pedersen’s formulation
with strain rate effects, however, a combination of the two methods (with and without strain rate
effects) may be the best available method but was not tested here.
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5.2 Energy Coefficient Method for use with Longitudinal and Transverse

Bulkheads and Longitudinal Crushing of Side Shell
Because of the simplicity of the energy coefficient methods, the use of one of these methods for the

damage sustained to longitudinal bulkheads subject to an axial or longitudinal force and to
transverse bulkheads subject to atransverse forceis desired. As shown by Figure 5-15 and Figure
5-16 of actual and finite element simulation damage to transverse and longitudinal bulkheads
subjected to an axial (paralel to bulkhead) load the use of a crushing energy coefficient mechanism
IS most appropriate.

Figure 5-15 Actual Longitudinal Bulkhead Crushing
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Figure 5-16 FEA Example of Longitudinal Bulkhead Crushing

Conseguently, an investigation of the energy coefficient methods of Reardon and Sprung and
Pedersen and Zhang [14] is performed to determine which method most accurately captures the

energy absorption of crushed bulkheads when involved in collisions.

The theory for crushing of longitudinal and transverse bulkheads as used in SIMCOL is compared
to finite element results of arigid box striking the side shell structure of a 150k dwt double hull oil
tanker, where the side shell, the supporting web frames, and stringers are included as shown in
Figure 5-17. Therigid box has a mass of 3.0E+06 kg, aheight of 17.475 m and is given aforward
velocity of 5 m/s. The side shell structure is described in Table 5-3.
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Figure5-17 Simplified Longitudinal/Transver se Bulkhead Crushing M odel

Table 5-3 Simplified Longitudinal/Transver se Crushing Parameters

Sideshell Height 20.50 m
Sideshell Length 6.60 m
Sideshell Thknss (stiffeners smeared) 23.25 mm
Web Frame Depth 200m
Web Frame Thknss 15.00 mm
Stringer Depth 2.00m
Stringer Thknss 11.70 mm
Web Frame Spacing 3.30m
First Stringer Height above bottom of Sideshell 1.95m
Second Stringer Height above bottom of Sideshell | 6.20 m
Third Stringer Height above bottom of Sideshell 11.30m
Fourth Stringer Height above bottom of Sideshell | 16.40 m

The upper and lower most edges of the side shell structure are ssimply supported while the edge
opposite of the impacted edge is fixed. The finite element model is comprised of Belytschko-Tsay
shell elements with a uniform mesh size of 250 mm. The material of the deck structure is modeled
with a Piecewise Linear Plasticity model for steel representing ABS Gr. B with parameters given in
Table 3-4. Analysis of the Finite Element model are performed by eliminating the web frames and
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substituting the structure with nodal constraints on the sideshell in the y translation and the rotation
about the x axis at the intersection. Additionally, the stringers are replaced with nodal constraints
on the deck in the y trandlation and rotation about the z axis along the intersection. Again, the
purpose for replacing the physical structure of the webs and stringersis to independantly determine
the energy absorbed only through the side shell plate. Friction is assessed through the use of
coulomb friction, Equation 3.7 and is representative of mild steel on stedl.

The finite element model is run once and representative damage of the analysisis shown in Figure
5-18 through Figure 5-21.

Figure 5-18 Bulkhead Crushing at 0.5 Seconds

Figure 5-19 Bulkhead Crushing at 1.0 Seconds
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Figure 5-20 Bulkhead Crushing at 1.5 Seconds

Figure 5-21 Bulkhead M esh Crushing at 1.5 Seconds

Comparative results between the theory for crushing bulkheads using the Reardon and Sprung
formulation (Equation 4.3) and the finite element analysis are provided in Figure 5-22 through
Figure 5-24. Comparative results between the theory for crushing bulkheads using the Pedersen
and Zhang formulation (Equation 4.7) and the finite element analysis are also provided in Figure
5-22 through Figure 5-24.
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Figure 5-22 Absorbed Energy vs. Timefor Crushing of Bulkheads

Figure 5-23 Damage Extent vs. Time for Bulkhead Crushing
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Figure 5-24 Absorbed Energy vs. Damage Extent for Bulkhead Crushing

All analyses are run until the initial kinetic energy of the striking rigid box structure is absorbed
(1.91E+07 Joules). Therefore, the determination of the best method is again based upon a
correlation coefficient of the absorbed energy between the finite element results and the energy
coefficient method. Determination of the correlation coefficient is provided in Equation 5.1. Table
5-4 provides the correlation results of al tests.

Table 5-4 Correlation Results of Energy Coefficient M ethods for Bulkhead Crushing

Method R
Reardon & Sprung 0.869
Pedersen & Zhang 0.459

As shown by Table 5-4 the most appropriate energy coefficient method (of those tested) for use
within SIMCOL version 3.0 for the determination of the energy absorbed by crushing longitudinal
and transverse bulkheads is the Reardon and Sprung formulation as given by Equation 4.3.
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5.3 Deformable Bow Model

SIMCOL version 3.0 incorporates a deformable bow sub-module that is based on a comparative
force method. The force required to crush the bow normal to the course of the struck shipis
compared to the lateral resistive force (the force normal to the side shell of the struck ship) dueto
the penetration of the striking ship into the struck ship. The lesser force indicates which vessel will
sustain damage in the amount of the relative bow motion within the time step (as discussed in
Section 2.4). If the force to crush the bow isless, then the striking ship is not moved or
geometrically deformed within the time step, however the force due to crushing the bow is applied
to both vessels and the energy due to crushing the bow within the time step is added to the total
energy absorbed in the collision. The time step is then cycled. The force required to crush the bow
is determined through Pederson’s method as discussed in Section 4.4.2 because of itsrelative
simplicity in application while maintaining a reasonable degree of accuracy as shown in Figure
5-25. Figure 5-25 compares Pedersen’ s method (Appendix H) to that of Amdahl’s method
(Appendix G) for the bow of a 150k dwt bulk carrier described in Appendix A. Theinitial kinetic
energy of the striking ship (Ep) is given by Equation 5.2. SIMCOL assumes a maximum service
vesseal speed (V) of 16 knots in the Pedersen equation for all striking ships. The crush force per
damage length of the bow is given by Equation 5.3 where asimple half sine waveis applied.

Bow Crushing Force

—e— Pedersen

Force (MN)
NN
o u
o O

/ —=— Amdahl

Penetration (m)

Figure 5-25 Crushing Force vs. Penetration for 150K Bulk Carrier Striking arigid wall at 90 Degrees
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(5.2)

(5.3)

Where:

Eo is the assumed kinetic energy of the striking ship;

C11 is the added mass coefficient in surge (0.05);

Mgs isthedisplaced mass of the striking ship;

Vs is the maximum service speed of the striking vessel (16 knots);
Foow  ISthe crushing force of the bow;

X isthe crush distance parallel to the striking ships centerline;
Smax  ISthe maximum crush distance of the bow (Equation 4.16);
Poow 1S the maximum crushing force of the bow (Equation 4.15).

Pederson’s method accounts for the effect of strain rate, impact velocity, vessel loading condition,
and vessel size for merchant vessels between 500 DWT and 300,000 DWT. Not included within
Pederson’s method are the effects of eccentric impacts (oblique angle impacts) however, as applied
within SIMCOL, only the right angle components of the forces are compared thus retaining the
applicability of Pederson’s method to the oblique angle cases within SIMCOL.

5.4 Longitudinal Deflection of Transverse Bulkheads and Webs
This section is the most significant and substantial contribution of this dissertation. A definitive

theory does not exist for the determination of the energy absorbed through the longitudinal
deflection of transverse bulkheads or webs. However, in a ship-to-ship collision, where the struck
ship has forward speed or the collision occurs at an oblique angle, the striking ship both penetrates
into the struck ship and crushes transverse structure longitudinaly, parallel to the struck ship
centerline and at aright angle to the transverse structure. This damage aong the length of the
struck ship increases the longitudinal extent of damage while absorbing additional energy and
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providing aresistive force on the striking ship. Within this longitudinal damage the energy is
absorbed viatwo mechanisms; 1) the longitudinal crushing of longitudinal bulkheads as discussed
in Section 5.2 and 2) the longitudinal deformation of webs and transverse bulkheads. The non-
uniform longitudinal or lateral deflection of transverse bulkheads and webs is best seen in Figure
5-26 through Figure 5-28 where the deformation of the bulkheads and webs is seen to match the
geometry of the impinging vessel as was a generality discussed in Section 2.4.

Figure 5-26 Actual Longitudinally Deformed Web [89]
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Figure 5-27 Ship Damage Showing L ongitudinally Deflected Bulkhead and | mpinging Bow Shape

Figure 5-28 FEA Showing Longitudinal Defor mation of Transver se Bulkhead

The energy absorbed through the lateral deformation of webs and/or transverse bulkheadsis
determined using a plastic membrane energy approach that is derived in detail in Sections 5.4.1
through 5.4.5. The following simplified description is provided as an introduction to the method.
This simple example assumes that the striking ship does not contact the internal plate boundaries.

127



Any transverse bulkhead or web (or primary transverse structure such as transverse girders) may be
idealized as a plate of uniform properties with the edges bound by some constraints, (simply
supported or free) as shown in Figure 5-29. The outboard shell of the ship (RS) is considered a
longitudinal bulkhead in this analysis.

Figure 5-29 Idealized Transver se Plate M odel

The span (A) is either the web depth or represents a transverse bulkhead bounded by longitudinal
bulkheads and the height (B) is bounded either by decks or by stringers (PS and QR). The upper
and lower edges (PS and QR) are thus always simply supported (z = 0) so as to not double count
energy absorbed by other mechanisms such as deck or stringer crushing discussed in Section 5.1.
PS or QR being the intersection of the bulkhead or web and a deck or stringer the edges are
trandationaly fixed while rotationally free. The inboard most edge (QP) isfree only if the plateisa
web not bounded by two longitudinal bulkheads. Otherwise the inboard edge is simply supported
being the intersection of the transverse structure (bulkhead or web) and alongitudinal bulkhead.
The outboard most edge of the plate (RS) is aways considered free, neglecting any interaction with
the longitudinal bulkhead supporting this edge by making the assumption that the energy absorbed
viathe crushing of the longitudinal bulkhead along this edge is considered by the method of
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Section 5.2 (i.e. avoids double-counting the energy absorbed in the longitudinal bulkhead at the
outer edge).

The transverse plate of Figure 5-29 can then be assumed to absorb energy independent of other
contacted structure. Making use of this independence, the plateis laterally deformed by the striking
ship represented within SIMCOL as a wedge model shown in Figure 5-30.

Figure 5-30 SIMCOL Wedge M odel

For this derivation the wedge is assumed to be rigid, considering only the energy absorbed in the
plate. Thiswedge model alows for four contact scenarios by which the wedge may strike the plate.
These contact scenarios are:
Contact Scenario 1 - Port or starboard bow section contacts the plate at any angle (o) less
than ninety degrees and greater than zero degrees (illustrated in Figure 5-31 and shown
finite element time step progression in Figure 5-32 through Figure 5-35).
Contact Scenario 2 - Port or starboard bow section contacts the plate at any angle (o) less
than or equal to zero degrees (illustrated in Figure 5-36 and shown finite element time step
progression in Figure 5-37 through Figure 5-39).
Contact Scenario 3 - Port or starboard after body contacts the plate at any angle () less
than ninety degrees and greater than zero degrees (illustrated in Figure 5-40 and shown
finite element time step progression in Figure 5-41 through Figure 5-44).
Contact Scenario 4 - Port or starboard bow section and after body contact the plate where

the angle () islessthan ninety degrees and greater than zero degrees and the angle (o) is
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less than or equal to zero degrees (illustrated in Figure 5-45 and shown finite element time

step progression in Figure 5-46 through Figure 5-48).

Figure 5-31 Contact Scenario 1 Geometry

Figure 5-32 Contact Scenario 1 FEA Test Case at 0.1 Seconds

Figure 5-33 Contact Scenario 1 FEA Test Case at 0.2 Seconds
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Figure 5-34 Contact Scenario 1 FEA Test Case at 0.3 Seconds

Figure 5-35 Contact Scenario 1 FEA Test Case at 0.8 Seconds

Figure 5-36 Contact Scenario 2 Geometry
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Figure 5-37 Contact Scenario 2 FEA Test Case at 0.2 Seconds

Figure 5-38 Contact Scenario 2 FEA Test Case at 0.25 Seconds
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Figure 5-39 Contact Scenario 2 FEA Plate M esh Deflection at 0.25 Seconds with 8 region model overlay

Figure 5-40 Contact Scenario 3 Geometry
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Figure 5-41 Contact Scenario 3 FEA Test Case at 0.1 Seconds

Figure 5-42 Contact Scenario 3 FEA Test Case at 0.2 Seconds

Figure 5-43 Contact Scenario 3 FEA Test Case at 0.3 Seconds
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Figure 5-44 Contact Scenario 3 Plate M esh Defor mation at 0.3 Seconds

Figure 5-45 Contact Scenario 4 Geometry

Figure 5-46 Contact Scenario 4 FEA Test Case at 0.1 Seconds
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Figure 5-47 Contact Scenario 4 FEA Test Case at 0.2 Seconds

Figure 5-48 Contact Scenario 4 Plate M esh Deflection at 0.2 Seconds

As an example, suppose that the rigid wedge strikes the plate in contact scenario 2 (Figure 5-36
through Figure 5-39), where the angle (¢) equals zero degrees and the wedge model hastheinitial
component velocity zero m/sin the direction parallel to the plate but greater than zero in the
direction normal to the plate as described by Figure 5-49.
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Figure 5-49 Longitudinal Deflection Simplified Argument Example Geometry

Thusthe plate is struck by the rigid wedge over the shaded region (DF) of Figure 5-50 in the z
direction with aninitial velocity Vg at the timet = 0 seconds (the moment of contact).

Figure 5-50 I dealized Plate Geometry Definitionsfor Simplified Argument
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In this example, the rigid wedge is required to stay between the upper and lower edges of the plate.
Using the nomenclature of Figure 5-50, G 0 and G+F B. Figure 5-51 through Figure 5-53 show
all possible vertical positions of the wedge relative to the plate. These will be considered in the

final 25 region model discussed in Section 5.4.5.

Figure5-51 Centered Vertical Position of Wedge Striking Plate
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Figure5-52 Lower Vertical Position of Wedge Striking Plate

Figure 5-53 Upper Vertical Position of Wedge Striking Plate

For the current contact problem of Figure 5-49, the inboard edge of the plate is assumed simply
supported. In contact scenario two with the angle (¢) equal to zero degrees, then the deflections at
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(X,Y) =(0,G); (X,Y) =(0,G+F); (X,Y) =(D,G) and (X,Y) = (D,G+F) areequal at any timet. After
asmall time (t) alinear form of the deflection of the plate maybe drawn as shown in Figure 5-54.
Note that the deformed shape in Figure 5-54 is similar to the deformation of the finite element
analysis of contact scenario 2 shown in Figure 5-36 through Figure 5-39 and provided again in
Figure 5-54 for side-by-side comparison.

Figure 5-54 Simplified Plate Deflection (left) and Similar FEA Plate M esh Deflection (right)

The plate is thus divided into eight energy-absorbing regions defined as shown in Figure 5-55.
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Figure 5-55 Eight Region Plate M odel

The energy absorbed through the plastic membrane stretching of each region is calculated over
each time step and summed to provide the energy absorbed through the lateral deflection of the
plate in each time step. The more complicated but required twenty-five-region plate of Figure 5-60
replaces the simple eight-region plate of Figure 5-55 to properly capture the deformation of the
plate using alinear approximation for the more complicated contact scenarios. Development of the
energy absorbing rectangular and triangular regionsis discussed in Sections 5.4.2 and 5.4.3 while
the super positioning and assembly of the full energy absorbed by the plate is discussed in Section
54.4.

5.4.1 Flow Theory of Plasticity
Prior to discussion of the energy absorbed by the rectangular and triangular regions presented in

Section 5.4.2, abrief review of the flow theory of plasticity is presented. The basic assumptions of
flow theory are 1) that the strain of any material may be represented as the sum of an elastic strain
and aplastic strain (Equation 5.4) and 2) there exists aloading function (F) at every stage of plastic
deformation that prevents the relaxation of the elastic portion of the deformation.
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= € * e (5.4)

The second assumption yields the condition that plastic deformation exists and is definabl e based
upon ayield condition. Making use of Von Misses yield function the yield criterion for plastic
deformation is given by Equation 5.5.

1 1 2
F= Eﬁfﬁj- §>Sy =0
(5.5)

Where:

S +S +S
117 S22+ S33
Sj=sij- — % 4

3 (5.6)
Additionally, by making use of the Drucker Postulates [90]:
During loading, positive work is performed
The net work performed through aloading and unloading cycle cannot be negative
During unloading, the limit of the elastic strain is zero
Then an incremental change in work (positive) is equivalent to an applied stresstimes an
incremental change in the plastic strain (de;”) as shown by Equation 5.7.

dE=s ij>deijp (57)

For plastic deformation to occur the incremental change in the loading must be positive and the
load function must have a positive slope. Assuming that the strain islinearly related to the stressin
infinitesimal changes then Equations 5.4 through 5.7 may be written yielding Equation 5.8 known

as the associative flow rule.

- p_
de; = de;” = Dy dsy (5.9)
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dsyy = dgf—(F)

dSk (5.9)
de,” = diE—(P)
dS ..
i (5.10)

Where di isthe incremental linearity constant which is greater than zero.

The associative flow rule of Equation 5.8 states that the increment of plastic strain is normal to the
increment of the yield surface where the strain is in the direction of the applied stress.

Returning to Equation 5.7, the incremental change in work can be written as a function of the
effective strain (de”) and effective stress (o) as:

dE = sxdée” (5'11)

Where the effective stress is given through Von Misses yield criterion as:

s= [=5,8

ij 2]

(5.12)

From the associative flow rule the increment of plastic strain may be written as:

2 (3
’_>Skl>skl
2 (5.13)

Equation 5.13 yields an effective plastic strain increment relation given by:

dep =dl >SIJ = 2>deij p>deijp
\E (5.14)
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Equation 5.14 states that the effective incremental plastic strain is equivalent to the incremental

linearity constant times the deviatoric stress, which reaffirms the relation given by Equation 5.8.

Thus, using the associative flow rule, the plastic strain rate may be written as.

d—eijP= d—| xd—F

Where the loading function (F) is given by Equation 5.5.
In Equation 5.11 a constant material flow stress () equal to the yield stressis used implying a
perfectly plastic material law and alowing the determination of the deviatoric stresses to be

neglected. Using the above relations the effective plastic strain rate and the rate of energy
absorption are given by Equations 5.16 and 5.17.

p 2 P P
€g = §>e” >eij
\ (5.16)

_ p
E=see (5.17)

Finally, the determination of the plastic strain rate (§;;") is provided through the strain-displacement
relation given by Equation 5.18.

p 1
€ij = ZANi,jt Ny
j 2>( j J) (5.18)

Where the velocity flow field vector (v) describes the vector velocity of any material point at a

given time.

The above formulation has the following limitations:
Itisvalid for only modest plastic strains (<= 10%)
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It will not predict plastic strains correctly if the principle axes of stress rotate significantly
during inelastic deformation
Neither of these limitations provide difficulty with the use of this method as long as the following
assumptions are made:
At plastic strains >=10% the material is assumed to rupture providing no additional energy
absorbing capability
An analysis time step is chosen which limits the rotation of the principle axis of stressfor
each evaluation

5.4.2 Energy Absorption in Rectangular Region
Given any rectangular region as represented by Figure 5-56, the points Q, R, Sand V are only

allowed to move in the z direction. The deflections of point Q are equal to the deflections of point
R at any time and the deflections of point V are equal to the deflections of point S at any time (i.e.
segments QR and VS must aways remain parallel to the xy plane). If the deflections of S do not
equal the deflections of V, or if the deflections of Q do not equal the deflections of R, then the
rectangular region must be evaluated as two triangular regions as discussed in Section 5.4.3.

Figure 5-56 Rectangular Region Geometry and Nomenclature
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The deflections of pointsV and Q at timet =i and t = f from theinitial Vo and Qo geometry are
represented by WV, WV, WQ; and WQs respectively. Because the deflections of S equal the
deflections of V and the deflections of R equal the deflections of Q at any time then:

WS = WV, (5.19)
WR; = WQ; (5.21)
WR; = WQ (5.22)

The segment lengths between points at any time are given by:

VoSo= VS = VoS = QoRo= QR = QoRy = V)

(5.23)

Qoo = RSy = X4 (5.24)
1

W= RS = X7+ (WY - WQ)? ’

QW= RS = Xi*+ Q) (5.25)
1
2

Q¥ = RoG = X2+ (WY - Wsy)? (5.26)

Assuming small displacements, then the velocity field vector of any point P bounded by the
rectangular region QRSV may be approximated by Equation 5.27.

P¢ - P, _fy) L gxy) o, heey)
t t t t (5.27)

ns=

Where the time step (1) is defined by Equation 5.28.

t=ti-t (5.28)
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The unit vector (n) is parallé to the segment SR at any time, (&) isparallel to the segment SV at
any time and (k) is orthogonal to both () and (&) at any time. The extension of any point P,
bounded by the region QRSV in the (1) direction over the time step (t), and assuming small
motions can be approximated using Equation 5.29.

f(xy) = max 0, 1- — Q¥¢- QW)
X1 (5.29)

Where X is defined asless than or equal to X; and greater or equal to 0. Similarly, the extension of
any point P in the (&) can be given by Equation 5.30, and assuming only membrane deflections
then the extension in the (k) direction is given by Equation 5.31.

gx,y) =0 (5.30)
h(x,y) =0 (5.31)
Substitution of Equations 5.25 and 5.26 into Equation 5.29 yields:

1 1
2

)= max 0, 1- 2= x X2+ (WV - WQ()P - X2+ (WV, - wQ)?
o (5.32)

Substitution of Equations 5.30, 5.31 and 5.32 into Equation 5.27 yields the velocity flow field for
the rectangular region QRSV given by Equation 5.33.

(5.33)
V= 2>< 1- =
¢ X1 (5.34)
1 1
2 2
ap=max 0, X2+ (Wvp- W2 - X2+ (W - wQ)? (5.35)



Using Equations 5.16 and 5.17 then the effective plastic strain rate and rate of energy dissipation
over the time step are given by Equations 5.36 and 5.37 respectively.

Xt (5.36)

(5.37)

Integrating Equation 5.37 over the time step (1) yields the energy absorbed by the deflection of the
rectangular region over the time step as given by Equation 5.38 where T is the uniform thickness of
region QRSV.

E=s yXTW 1a :|_><\/2
3 (5.38)

To determine when the rectangular region QRSV fails (ruptures) and no longer absorbs energy, a
rupture criterion is developed based upon Equation 5.5. Assume that rupture occurs when the total
effective strain (insert symbol) is greater than some value of failure (rupture) strain (® = 10%) at
any point P within the region QRSV. Thetotal effective strain (the strain of the region from timet
=0tot=f) can be given by Equation 5.39 derived in asimilar method to Equation 5.36.

1 2
eqr= — x Xii+ (WVi- WQy)® - Xl"\/j
X 4 3

(5.39)

Thus, for the rectangular region QRSV, the conditional statement of Equation 5.40 gives the

energy dissipation over the time step.
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2 .
E= |s ¥ pa 1><\/j3 if eg<y

0 otherwise (5_ 40)

5.4.3 Energy Absorptionin Triangular Region
Similar to the development of the rectangular region energy absorption discussed in Section 5.4.2,

the energy absorbed in the triangular region shown in Figure 5-57 is derived here. For the
triangular region NRV of Figure 5-57, Point N is pinned and points R and V are only allowed

movement in the z direction.

Figure 5-57 Triangular Region Geometry and Nomenclature

Again, the deflections of pointsV and R at timet =i and t = f from theinitial Vo and Ry geometry
are represented by WV, WV, WR; and WR respectively, and the segment lengths between points

at any time are given by:

Rodp = Xy

(5.41)
NVo= Y1 (5.42)
o= X (5.43)
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2 2 2
NR, = \/WRi + X2+ Yy (5.44)

RA, = \/)(12 + (WVi - WRi)2 (5.45)

N, = Wy + v, (5.46)

NoR = \/WRfZ + X2+ Y

(5.47)

R = Jxlz + (Wvy - WRy)? (5.48)

' 2 2
wa = WVf + Yl (549)

Again the vector velocity field may be approximated using Equation 5.27 where here the unit
vector (1) is parallel to the segment RV at any time, (&) is parallel to the segment VN at any time
and (k) is orthogonal to both () and (&) at any time. The extension of any point P, bounded by the
region NRV in the (1) direction over the time step (t), and assuming small motions can be

approximated using Equation 5.50.

fxy)= 1- Yl x 2 smax 0,(RpW ¢ - RpV)

L Xy (5.50)

Similarly, the extension of any point P in the (&) direction can be given by Equation 5.51, and
assuming only membrane deflections then the extension in the (k) direction is given by Equation
5.54.

g(xy)= 1- YL xxl max 0, | (Rowv) + (W) - \/(R*‘/i)2+(W2)
o (5.51)
. VAR 2
(NRo)H{Revg)? - (Reavg)? - Wvp{ Wy - WRy) (5.52)
o AR’
(N>RO)2>(R1'>M)2 B (Rix\/i)2 - WVi>(WVi - WRi) ? (5.53)

150



h(x,y) =0 (5.54)

Substitution of Equations 5.50, 5.51 and 5.54 into Equation 5.27 yields the velocity flow field for
the triangular region NRV given by Equations 5.55 through 5.61.

n= V1>h + V2>9( (555)
V= 2x — x1- Yl
v L (5.56)
Vy, = %x — x1- YL
' ' (5.57)
ay= max 0, Xy + (Wi - WR()? - X2 + (W, - WR)?
(5.58)
ap= max 0, || X¢2+ (WVi - WR)2+ Y 1~ X2+ (W - WR)?+ Y,
(5.59)
y Yiox Xg? + (WVf - WRy)?
1=
(Y12+ xlz)x Xo2+ (WVe - WR)? - X%+ (Wvp - WRy)® - Wvp{wvg - WRy) ? (5.:60)
y Y12x X2 + (WV; - WR)?
2=
(Y12+ xlz)x X2+ (WY - WR)Z - X2+ (Wv; - WR)? - wvi{wy, - WR) ? (5.61)

To reduce the number of independent variables in Equations 5.56 and 5.57, the independent
variable X is replaced with the constant X ,.e given by Equation 5.62.

. (5.62)
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Using Equation 5.62 then Equations 5.56 and 5.57 simplify to:

V= txgo X

YT Y1
(5.63)

Vy= —2x1. Y

Using Equations 5.16 and 5.17 then the effective plastic strain rate and rate of energy dissipation
over the time step are given by Equations 5.65 and 5.66 respectively.

2
1 2 aa
ee= XEva +7
Xy (5.65)
S XXX a
£z Y 1><\/2><a22+—1
8% 3 2 (5.66)

Integrating Equation 5.66 over the time step (1) yields the energy absorbed by the deflection of the
rectangular region over the time step as given by Equation 5.67.

2 (5.67)

To determine when the triangular region NRV fails (ruptures) and no longer absorbs energy, a
rupture criterion is developed based upon Equation 5.5. Again, assume that rupture occurs when
the total effective strain (e«) IS greater than some value of failure (rupture) strain (@ = 10%) at any
point P within the region NRV. The total effective strain (the strain of the region from timet =0 to
t = f) can be given by Equation 5.68 derived in a similar method to Equation 5.65.
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ur= o ?ix (322+GT1
. (5.68)
1
G (WY - WR)Z+ X2~ - X (5.69)
Go= X7+ Wy - WR)+ v ;- X7+ 1 (5.70)

Thus, for the triangular region NRV, the conditional statement of Equation 5.71 gives the energy
dissipation over the time step.

0 otherwise (5_71)

5.4.4 TheEnergy Absorbed from an Eight-Region Plate
Returning the example of Section 5.4 relating to Figure 5-55, the eight-region plate, and using the

derivations of the energy absorbed in rectangular and triangular regions in Sections 5.4.2 and 5.4.3
respectively, then the energy absorbed by the plate of Figure 5-55 over the time step (t) is given by
Equation 5.72.

Epp=E/+Ey+E+Eyv+Ev+Ey+Ey+Eyy (5.72)

Examination of the plate of Figure 5-55 the following conditional statements as to the strength of
the plate are expressed in Equation 5.73.
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EPt= 0|f||=0

E|

?+EIV+EV+EVI+EVII+EVIII if 1 ,=0
E .

> +Eyv+Ey+Ey+Ey+Eyy if 1 =0

E/+E+Ep+Ey+Eyy if 1 y=0
E/+Ey+Eyp+Eyy+Eyy ifly=0
E/+Ep+Ep+EByy+Eyy if1y=0

E
?|+EII+EIII+EIV+EV+EVI if I yy=0

E
— 4 En+En+Eyv+tEy+Ey if I y),=0
2 (5.73)
Where (%) isarupture indicator for each region (i =1, 11, 111, 1V, V, VI, VII and VII1) expressed by
Equation 5.74.
| Pi= 1 if eeff<Y
0 otherwise (5_74)
Using the conditional statements of Equation 5.73 then:
L=ty (5.75)
| [\ - | \V] - | VI
(5.76)
Fvir=Twn (5.77)

Using the four independent rupture indicators (A, A, Miv @and Ay;) and the conditional statements of
Equation 5.73 then the energy absorbed by the eight-region plate of Figure 5-55 over the time step
(v)is:
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Pt + Dy vin
2

«..Min 11(| i+ byt V|)>(| i+ Lyt VIII))(l virbvin + 1t vt VI)

Epe = 1% L=l Th |||>(E|| + E|||) + 1ty V|>(E|v + B+ EVI) + 1yt VIII)(EVII + Evm)

(5.78)
Summation of the energy absorbed per time step over al time steps between time equal to zero

seconds to some time (T) seconds yields the total absorbed energy at any time given by Equation
5.79.

t =1 (5.79)
Using the external dynamics model of SIMCOL and using initial conditions from Table 5-5, Figure

5-58 provides results for the eight-region plate model as compared to afinite element solution of
the same plate subject to the same boundary conditions using an element mesh size of 250 mm.

Table 5-5 Eight Region Plate AnalysisInitial Conditions

Initial Conditions

Variable Value Unit
Initial Velocity in Z Direction 3 m/s

Analysis Time Step 0.0001 S
Rigid Wedge Mass 50228.4 kg

A 7.5 m

B 10 m

F 5.5 m

G 15 m

D 0.75 m
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Figure 5-58 Eight Region Plate Absorbed Energy vs. Time Comparison to FEA

The results of the analysisin Figure 5-58 compare well with the finite element solution having a
correlation coefficient as calculated by Equation 5.1 of 0.893. The largest difference in the results
occurs between t = 0.02 and t = 0.085 seconds due to elastic bending of the plate in the finite
element method which is not accounted for in the simplified theory.

While the preceding eight region plate example shows the applicability of the plastic membrane
approach to the determination of the energy absorbed from the lateral deflection of transverse
bulkheads and plates, to properly use the theory in SIMCOL a new formulation of Equation 5.78
based on twenty five regionsis required to accommodate all the possible contact scenarios and an

initial velocity vector V which has components both parallel and orthogonal to the plate.

5.4.5 TheEnergy Absorbed from a Twenty-Five-Region Plate
The eight-panel model of Figure 5-55 is not applicable for contact scenarios 1, 3 or 4 or for contact

scenario 2 with both Vx and V7 initial velocity. For these scenarios a minimum of twenty-five
regionsis necessary to accurately capture the deformation patterns shown in Figure 5-32 through
Figure 5-35, Figure 5-41 through Figure 5-44, Figure 5-46 through Figure 5-48 or Figure 5-59
where the twenty five regions overlay Figure 5-59.
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Figure 5-59 Twenty-five Region Plate Overlaying FEA Plate M esh Defor mation

To smplify the task of developing a general Equation for the determination of the total energy
absorbed over atime step (t) the following two additional assumptions are made for convenience:
For contact scenario 2, the angle (¢) always equals zero degrees, i.e. if theangle (¢) isless
than zero degrees then treat the analysis asif (¢) equals zero degrees.
For contact scenario 4, the angle (o) always equals zero degrees, i.e. if the angle (o) isless
than zero degrees then treat the analysis asif (o) equals zero degrees.
Using these two assumptions, the deflections at the outboard edge of the plate of Figure 5-60
(segment HP) will always be equal to the maximum deflection of the plate. Accounting for all four
contact scenarios, then after asmall time step, alinear form of the deflection of the plate of Figure
5-29 may be represented with twenty five regions as shown in Figure 5-60.
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Figure 5-60 Twenty-five Region Plate Geometry

In Figure 5-60, regions I, VI and X represent the initial contact area between the plate and the
striking wedge at timet =i and the deflections of pointsH, I, J, K and L are equal to the
deflections of points P, Q, R, Sand T respectively at any time.

With the plate formulation of Figure 5-60, then the total energy absorbed by the plate over atime
step may be written as the sum of the energy absorbed due to the tranglation in the z direction and
the energy absorbed due to the motion of the hinge linesin the x direction asis given by Equation
5.80.

Ept =Ez + Ext (5.80)
Equation 5.80 effectively decoupl es the energy absorbed by the plate such that the motion of the
rigid wedge over asmall time step may be characterized as either an incremental step in the z
direction followed by an incremental step in the x direction or as an increment a step in the x

direction followed by an incremental step in the z direction. The choice of theinitial step direction
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(x or 2) is based on the greater of the available kinetic energy in either the x or z directions, which
simplifiesto the greater velocity component in the x or z direction. Thusif the component of the
velocity in the x direction (V) is greater than the component of the velocity in the z direction (V)
then the incremental step in the x direction isfollowed by an incremental step in the z direction. If,
however, V; is greater than V then the incremental step in the z direction is followed by an
incremental step in the x direction. The total energy absorbed by the plate of Figure 5-60 is much
more complicated than the plate of Figure 5-55 as previously determined in Section 5.4.4,

however, the same method as used in Section 5.4.4 applies to the twenty five region plate of Figure
5-60.

Using the method of rupture indicators, as discussed in Section 5.4.4, the following conditional
statements for the twenty-five-region plate can be made:
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Ez=Ex =

IX XXV

E;+ E; if I ,=0
=1 =X
E, XXV
—+tEpt Ei if1,=0
2 .
i=v
XXV
E+E;+ E; ifl ;=0
i=V
XXV
E/+E;+ E; ifl y=0
i=v
v XXV
Ei+ E; ifly=0
i=1 i=Vi
v XXV
Ei+ E; ifl =0
i=1 i=vi
Vi XXV
E;+ E; if l yy=0
i=1 i=vi
Vil XXV
E;+ E; if I yy=0
i=1 =X
ViI XXV
Ei+ Ei ifl x=0
i=1 =X
E, X XXV )
0 + E; + E; ifl y=0
i=n i =Xl
X Xviil XXV
Ei+ E;+ Ej ifl y=0
i=1 =X i =XX
X1 XXV
Ei+ E; if | xy=0
i=1 =X
v Xil XXV
Ei+ Ei+ Ej if I xy=0
i=1 i=Vi i =XV
X1 XXV
Ei+Eyxy+ Ej if | yy=0
i=1 i =xv
XV XXV
E;+ Ej if | yy=0
i=1 i =XVl
XV XXV
Ei+ Ei if | xyy=0
i=1 i =Xxvil
XVI XXV
E;+ E; if | xyy=0
i=1 i =Xxvil
XVil XXV
E;+ E;j if | xyy=0
i=1 i =XX
XVl XXV
Ei+ E; if l xx=0
i=1 i =XX
Vi XIX XXV
E; + E; + E; if | yx=0
=1 i=vin i =XXI
Vi
Exxin + Exxv + Ei if I xxq=0
=1
XXI XXV
Ei+ Ei if I xxy=0
=1 i = XX
XV XXII
Exxiv + Exxv + Ei+ Ei if I xxn=0
=1 i =XvI
XX
Exxv + E; if | yyy=0
i=1
XVI XXIV
E;+ Ej if | yy=0
=1 i =xvii
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Using the conditional statements of Equation 5.81 then the relations of Equations 5.82 and 5.83 are
true.

li=lw

(5.82)
Fvin=1ix (5.83)

Additionally, critical combinations of the rupture indicators lead to the following additional
conditional statements:

(=0 if =0 (5.84)
(tw=0) if 1y=0 (5.85)
(Hx=0) if lyy=0 (5.86)
(lvin=0) if Ix=0 (5.87)
(lu=1x=0) if 1,=0 (5.89)
(viz1y=0) ifIy=0 (5.89)
(lxi=1txix=0) if 1 =0 (5.90)
(Fxvir=1xy=0) if Ixy=0 (5.91)
(1 xxn = Txxiv = 0) if Ixxi= 0 (5.92)
(tv=0) if Ixy=0 (5.93)
(1xn=0) if Ixy=0 (5.94)
(1xv=0) if Tom=0 (5.95)
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(lvi=0) if Ixx=0
(' XIX=0) if Ixvin=0

(1 v = 0) if 1xxy=0

(IV|=IV||=0) |f IV=O
Ixm=1
(Ix|=lx|x=0) |f Ix||=0
Ixiv=1
(IXV|=IXV||=0) |f IXV=0
Ixxm=1
(IV|=IV=0) |f |V||=0
lXX=l
(Ix|=lx||=0) |f Ix|x=0
I xvin=1
(IXV=|XV|=0) |f IXV||=0
IXXV=1

(5.96)

(5.97)

(5.98)

(5.99)

(5.100)

(5.101)

(5.102)

(5.103)

(5.104)

Using al the above conditional statements, Equations 5.84 through 5.104, then for each region the

following conditional equations apply.
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ly=1x=0

L=t =1 VI=O)

lx=l x=1y =0

=t =l xp=l ><|=0)
Ix=lix=l xx=1x=0)
Ly=1y =1 v=0)a”d(| ><|||=1)

[ w=1 x=1 VH:O)and(I XX=1)

(
(
(
(
(
(
(
0f(' n=lm=Elxp=l xv=l XVI=O)
(
(
(
(
(
(
(

ol x=1 x=1 xx =1 xym=1 xvi=0
orll y=1l =1 xy=!lxi= O)and(l XIv = 1)
or{l x=1 x=1 xx=1I X|X=O)and(l XV = 1)
orll y=l =l xp=l xiv=l xv= O)and(l XX = 1)
ol x=1 x=1 xx =1 xym=1 xvi=0)and(l xxy=1)
orll y=l =l xm=lxiv=l xx=1! x><|=0)
orll x =1 x=lxx=l xym=! xxv=1l x><|=0)
Bt =0
2
or(l n= 0) (5.105)
Ey=0if |l ;=0
or(l X = 0) (5.106)
Ey=0if [ y=0
or(l v = 0) (5.107)
Ev=0if |l =0
or(l e 0) (5.108)
Ey=0if |l y=0
or(l vi=0
or(l XI = 0) (5.109)
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Evi=

0 if

EV||| =0 |f

E|X=0 |f

n=lh =l xm=l xv=| XVI=0)

=l x=lxx=1 xvm=1I XVI=0)

x

o

=

]

]
x

n
x

]
<=

Q.
jg—
x
<

]
=

x=lix=lxx=1 X|x=0)a”d(| XVIII=1)

==l xm=l xv=| ><v=0)and(| XX = 1)

n=lm=Elxm=l xv=El xxan=| x><|=0)

x=lhx=lxx=lxvm=! xxv=1 x><|=0)

if 1=l y=lxx=0
or(l =1 =1 XX=0)
Or(l XX=| X|=0)

or(l xm=l x = 0)

l'vi=0
or(l XX = 0)
or(l VI = 0)

l'vin=0

or(l X = 0)

||X=0

or(l VIE 0)
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Ex=01if | x=0
or(l,=0)

Ex;= |0 if |l =0
xi=0)and(l xy = 1)
I xix = 0) and(l XVIIl = 1)

Fu=tw=lxm=lxv=l XVI=0)

or

or

o

r

o

r

(
(
(
(
(
(
(
(

l x =1 |x=|xx=|xvn|=|xw=0)

o

o

r

or

- if [hy=tw=lvi=lxu=lxv=0
or(l =lhix=ly=l xx=1 xvu|=0)
Of(| xvin = | XV|=0)

Or(l XV = | XV| = 0)

Exi=0 if I x;;=0

EX|V=0 if | X|V=0

Exy=0 if |l xy=0
or(l <Xl = 0)
Or(l XV| = 0)
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==t xm=l xv=| ><v=0)and(| XX = 1)
Ix=lix=lxx=l xv=l XVII=0)and(| xxv=1)
n=lh =t xm=lxivEl xxan =1 x><|=0)

or|l x =1 |x=|x><=|xvn|=|x><v=|><X|=0)

(5.114)

(5.115)

(5.116)

(5.117)

(5.118)

(5.119)



Exvi= [0 if |1 xv=0
or(l Xy = 0) and(l X1 = 1)
or(l VIl = 0) and(l XXV = 1)
Of(| = b=t xm=lxivel xxan=1 xxi= 0)
or(l x=lix=lxx =1 xym=1 xxv=l ><><|=0)
% iffh=tm=lv=lx=lxv=l xxm=0
or(l =lmElvyi=l =l xvp=l xxv=0)
or(l wx1 = | xxv = 0)
Of(| xxi = 1 xxin = 0)
Exvu=0if |l xyy=0
or(l xv| = 0)

or(l XXV = 0)

Exvin=0 if I xy;y=0

EXIX =0 if

I xix=0
or(l XV 0)

or(l x| = 0)

EXX=0 if | XX=0

EXX|=O |f I XX|=0

Exxi=0 if

I xxi=0
or(l xX| = 0)

Exxii=0 if I xxy=0
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(5.122)

(5.123)

(5.124)

(5.125)

(5.126)
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EXX|V= 0 |f I XXV = 0

Exxv=0 if | xxy=0 (5.129)

Using Equations 5.105 through 5.129 then the formulation of (Ex ) or (E; ) may be given by
Equation 5.130.

Exi = Bzt = 1 ol 26 + 1 9B + | 10 + | 198xv1 + | 20Bxx)) + o

et 1y {1 2B + 1 2B + 1 By + 1 9By + | 49B) + o

et 1y {1 2B + 1By + 1By + 1 ogBxoan + | 22Exxi) + -

et 1yl 10 + 1 Bix + 1 By + | 2B + | o0Bsx) + oo

et A YU)(l 198xix + 1 198xvin + 1 17Exvin + 1 25°8xxy + 1 24>E><><|v) (5.130)
All of the rupture indicator terms of Equation 5.130 are defined by Equations 5.131 through 5.187.

I+l
min 1,|1>¢AX(| ||+||||+|V|)>(|x +|V|+||x)>(| ||+||||+|><|||+|><|)>*21

(5.131)

IZI=(|X+|IX+|XX+|XI)(|II+|III+|XIII+|XIV+|XVI)(|X+|IX+|XX+|XVIII+|XVI)(|Z2)

(5.132)
I z2= (' Dt Dan + Dy + Doan + 1 x><|)>(| x thix +xx + v+ Txxy + XXI) (5.133)
I A= |||+||||+|v+(1' |xm) |x+||x+|vn+(1' Ixx) |||+||||+|xu|+|xn+(1' |X|v)>¢zs
(5.134)
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I z3= |X+|IX+|XX+IXIX+(1' Ixvul) |II+|III+|XIII+|XIV+|XV+(1' |xxm) (|z4)

(5.135)
Lza=1x + 1 +Txx + Txvint Txvn + (1' Ix><v) (5.136)
o= 14y (5.137)
L RN (5.138)
| 4= | 3

(5.139)
s =Ty vidxn (5.140)

lg=1g>min 1,|V|’¢c>(|||+||||+|xu|+|X|)(|x+||x+|xx+|X|)(| II+|III+|XIII+|XIV+|XVI)>{25

(5.141)
Lzs= (1x + 1ix + Doc+ Do+ D)+ T+ D+ Dxaw + Doan + 1) (1 26) (5.142)
lze=1x +1ix +1xx +xvin+ I xxv+ 1 xxi (5.143)
lp=mind, 14+ 1+ 1) (5.144)
|E= mil’ll,(||+||x+|xx)

(5.145)
le=mind,(xx + 1) (5.146)
| G= min l,(l ximn t I )(|) (5147)
| Ip+iptpie le+lipiplg Ie+lpiplg lg+lgipip
B = oX

2 2 2 2

(5.148)
le= Iy +(1-1 Ly +(1-1 Lyl s+ D + (2- 1 |
c v ( XIII) Vil ( xx) Il m xi T Exn ( XIV) ( 27) (5.149)
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Lzz= I+ D+ Doe* D+ (T D) Dt L+ D+ Dsav + D+ (2 Tyoan) (1 28)

(5.150)
lzg=1x +1ix +Ixx + xvin + xvn + (1' ' XXV) (5.151)
7= Tyt xx? vi (5.152)
l'g= vt ix (5.153)
lg=1lg (5.154)
o= 10t x (5.155)

Iy =1pmin 1,1 x4 JX(I nt b D + Ty +1 xw)(' x +lhix +Txx + Ty + 1 xw)(' 29)

(5.156)
Lzo= (L + Tun* D * Dav + Do+ Do) (x + 1+ o+ D * xxw + 1 x) (5.157)
IK=minl,(l|+||||+|v|+|><|||+|XIV)

(5.158)
| =min l,(l|+||x+|v|+|xx+|xvm) (5.159)
I M= min l,(| xvin t I XVI)

(5.160)
[ = min 1,(| xiv T 1 XVI) (5161)
| |K+IL>‘MXN IL+|KXM>‘N |M+||_>*K>*N |N+|L>¢M>‘K

= oX
(5.162)

l 5= |><||+(1' IXIV) IXIX+(1' |XVIII) |||+||||+|><|||+|><|v+|xv+(1' |><><|||) (|z1o)

(5.163)
L2102 Ly + Lix + Do+ Dewin + D+ (1= 1xxw) (5.164)
2= Lt xit xiv (5.165)
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3= 1y

l1a=1xv

s =1 xvd xxit xvi

l16= 1 pmin 1,1 xy, (' b+ b+ Iy +1 XXIII+|XXI) I'xv + (1' |><xu) (' 211)
I z11= |xvu+(1' I><xv) >(|><+||x+|><x+|xvn|+|x><v+|><X|)
IQ=min1,(I|+I,|,+IV|+IX|+IX|V+IXX|“)
|R=min1’(ll+|lx+|VI+|XI+|XVIII+|XXV)

ls=min, (I xxi + I xxv)

| +=min 1,(I xxi * | xxm)

lo+tlpAdsdt Ip+lgiotts ls+lpigit Ir+lpigio
X

| =8
P 2 2 2 2

17 = Fxvirt xvit xxv

g =1 xvii

9= 1xixt xvit xi

I 20= 1 xx

I 21= 1 xxi

o= 1 xxi?t xxii

I23= 1 xxu

I oa= I xxit xxiv

I o5= | xxv
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(5.166)

(5.167)

(5.168)

(5.169)

(5.170)

(5.171)

(5.172)

(5.173)

(5.174)

(5.175)

(5.176)

(5.177)

(5.178)
(5.179)

(5.180)

(5.181)

(5.182)

(5.183)
(5.184)



lYL= 1if G>0

0 otherwise (5.185)
lyu= |1 if B- (G+F) >0

0 otherwise (5.186)
lo=mind,(Iy + 1 yy) (5.187)

To enable the treatment of transverse bulkheads and webs between double hulls to be similar to the
treatment of single hull webs, where the inboard edge is free, the assumption that the inboard edge
issimply supported until contacted by the rigid wedge is necessary. The assumption is only
practical because aflange located on the free edge stiffens most free webs. Thus, with this
assumption there is no mathematical difference in the treatment of either transverse bulkheads or
webs.

In an analysis where V is greater than zero then the points 1, Q, J, R, K, S, L and T of Figure 5-60
will move from time step to time step in the x direction and thus D;, D, D3 and D4 will increasein
magnitude while Ds will decrease. At sometime Ds will equal zero and D4 will equal the span (A).
At later times the D3 will equal (A) followed by D, and then D4, should the analysis permit. Noting
that D1, D2, D3 and D4 must aways be less than or equal to the plate span, and that the energy
absorbed within each region is dependant upon having some x dimension, then Equation 5.130

becomes;

Ext = Bzt = | 0>(| 5 + 1 ppt eByy + 1 2% 106x + | p3t 16°Exvi + | pat 21>E><X|) + .

ce Loty x D2 + [y + | D1>(I »Hy +1 5’Ev) +1 D2>(I 126 + 13>EX|||) + .
et Lty x| D3(| 16y + 15’E><v) +1 D4>(I 2226xxn + 1 23>Ex><|||) + .

we T Lot yux L Bx + 1B + | D1>(I 7By + 1 8>EVIII) +1 D2>(| 19°6xx + 1 20’E><x) + .

et Lt yyx | D3(| 17Exvi + 1 18>Exvu|) +1 D4>(I 25°Exxv + | 24>E><X|v) (5.188)

Where the new rupture indicators of Equation 5.188 (Ap1, Ap2, Apz @nd Apg) are given by Equations
5.189 through 5.192.
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|D1= 1 |f D1<A

0 otherwise
(5.189)

lpp= |1 if D<A
0 otherwise (5 190)

|D3= 1 |f D3<A
0 otherwise (5 191)

|D4= 1 |f D4<A
0 otherwise (5_192)

For each contact scenario the deflectionsin the z direction of pointsP, Q, R, S, and T may differ
and will definitely change depending upon which motion (x or z) isthe initial incremental step
direction. A similar statement may also be made for the values of D;, D,, D3 and D4. To continue
the analysis and to enable the determination of the points P, Q, R, Sand T, the initial position
(relative to the plate) and the geometry of the striking wedge model must be known. To accomplish
this, the x, y and z coordinates of the point Bp (on Figure 5-61) must be defined at timet =0
seconds. Additionally the striking wedge length (Lrw), beam (Bgrw) and half entrance angle (HEA)
must aso be known. Finaly, the angle between the centerline of the striking wedge and aline
orthogonal to the plate, where the positive angle isto the positive z-axis, must also be known as
shown in Figure 5-62.
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Figure 5-61 Striking Wedge Variable Definitions

Figure 5-62 Collision Angle Definition

Using the definitions prescribed in Figure 5-61 and Figure 5-62, then the valuesof G and Fin
Figure 5-60 may be calculated using Equations 5.193 and 5.194, and the contact scenario (CS) may
be defined mathematically through the conditional statement of Equation 5.195.

G= ma{0,Bp)) (5.193)
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F= HRW + pr - G (5'194)

CS= |1 if |Bpy<OUPys<OUP,5>Bpy
or(Bpz >0UPxp<OUPzp<Bpy)
2 if |Bp;>0U P2 Bpy

or(Bpz >0UP,g£Bgy)

3if |[P,p3 0UPyp3 OUF >90
or(P2p £0UPxg2 0UF <90

4 if |P2p2 0OUPyp2 OUF £90

o(Pzp £0UPys® OUF 3 90)

unhandled otherwise (5.195)

Where the terms (Pxs, Pxp, Pzs and Pzp) are defined by Equations 5.196 through 5.200.

Lo DRW
23T an(HEA
Tan(HER) (5.196)
1
Bey?
Pys= Bpx - L7+ i sSin(F - HEA)
4 (5.197)
1
Brw’ i
Pyp= Bpy - L2+ »Sin(F + HEA)
4 (5.198)
1
Boy?
P,o=Boy + L2+ R:V »Cos(F - HEA)
(5.199)
1
By
Pp=Boy + L2+ ——  Cos(F + HEA)
(5.200)

In addition to the mathematical determination of the contact scenario (CS) the variables defined by
Figure 5-61 and Figure 5-62 allow the determination of the deflections of the points P, Q, R, S, and
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T over the time step (t) aong with the change in the lengths D1, D,, D3 and D4. As previously
discussed, for each contact scenario the deflections may differ and will definitely change
depending on the initial step direction. By defining the deflectionsof P, Q, R, Sand T at theinitial
time (prior to the time step) as WPy, WQo, WRo, WSy and WT, respectively, and after the initial
step (either x or z) as WPy, WQ1, WR1, WS; and WT; respectively, and at the end of the time step
(after both the x and z motions) as WP,, WQ,, WR,, WS, and WT, respectively, then for each
possible contact formulation the following procedures as outlined in Sections 5.4.5.1 through

<0>

5.4.5.8 may be followed. Note that in the following sections the right superscript = refersto the
value of the variable at time't = O zero seconds, odd values of the left superscript (<2 <*<>>) refer
to the variable value after the initial step direction within atime step and even values of the left

<2>,<4><6>..

superscript ( ) refer to the variable value at the end of the previous time step or at the

beginning of the next time step.

5.4.5.1 Determination of Deflectionsin CS 1 with a Z-Direction Initial Step
Beginning with theinitial deflections:

wP? =wQ? =wrR? =ws? =wT° =0

sz 0 = Given

Bpx 0 = Given

F = Given
HEA = Given
BRW = Given
LRW = Given
pr - G|Ven (5'201)
Lo DRW
2xTan(HEA) (5.202)
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Brw
Pus® =Bpx 0 - L2+
4
2
Brw
Pep® =Bpx O - L+
4
2
Brw
Prs® =B O + L2+
4
2
Brw
Pp® =Bp 0 + L%+
CS=1
B, O - P .
Sp= |[—o——— if F 29U Bp; © >0
Bpx Ppx
0 0
Bpz Pzs
0
Bpx Pxs
0 otherwise

Bpz " =Bp O + V0
Ble =BPXO
Pest = Pxs’
Pep = Pxp”
Prst = Pys® +V; 0%
Ppt =P ® +V, 0%

0, D3
D2=maX 0,D3'VX *,7

»Sin(F + HEA)

»Cos(F - HEA)

»Cos(F + HEA)

if F<90UBR ° <0
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(5.203)

(5.204)

(5.205)

(5.206)

(5.207)

(5.208)

(5.209)

(5.210)

(5.211)

(5.212)

(5.213)

(5.214)

(5.215)



Bey *
Dy= max 0, Bpy ! -

P

0, P2
D1= max 0,D3- ZNX X,?

CONTYPE=

ws?t =

wpl =ws?! - §pD;
WR' =ws?! - §p{D;3- Dy

wQ?' =ws? - 5p(Ds- Dy)

D4= D3+on>t

ws?t

AS p=
LP A - D

WT ! = As p{A - D)

WT 2 =ws!?

WS2 =WT? - § (D, - D)
WR2 =WT 2 - 5D, - Dy
WQ?2 =WT 2 - §p(D,- Dy

WP2 =WT 2 - §pD,

min(o,BpZ 1) if CONTYPE= 0

ma>(o, Bpz 1) if CONTYPE= 1

0 if Bp; > >0UPp° <0UP,p° <Bp, °

1if Bpz ° <OUPys® <0UP,g% >Bpy °
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(5.216)

(5.217)

(5.218)

(5.219)

(5.220)

(5.221)

(5.222)

(5.223)

(5.224)
(5.225)
(5.226)
(5.227)
(5.228)

(5.229)

(5.230)



The results of Equations 5.201 through 5.230 are used to determine the energies (Ex ) and (E; )
using Equation 5.188. Thus the total energy absorbed by the plate in either the x or z directionsis
given by Equations 5.231 and 5.232 respectively.

(5.231)

1=0j=0 (5.232)
Using Equations 5.231 and 5.232 the total energy absorbed by the plate at time (T) is given by

Equation 5.233 and the updated velocity components for the rigid wedge (assuming for
convenience no induced moments) are given by Equations 5.234 and 5.235.

TE = TEx + TEx

(5.233)
2ATE
Vy 2 =jmax 0w - ==
M (5.234)
24TE
Vy 2 =jmax 0w’ - =
M (5.235)
Cycling the system of equations yields:
D1= D2 (5.236)
D2 = Ds (5.237)
B
Dy = max 0,Bp, 3 - ——
Sp (5.238)
- 2
Dy=Ds+ Vx "4 (5.239)
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ws 3
ASLP =

A - Dy

WT 3 = AS oA - D)

WT 4 = ws?3
wWs?4 =wr*4

WR % =wtT*

wQ* =wt*

wP4 =wr?

Where the cycle continues to repeat for each time step.

- S.p{Dy - Ds)

- SLP>(D4' Dz)

- S¢(Ds - Dy)

- SpDy
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(5.240)

(5.241)

(5.242)

(5.243)

(5.244)

(5.245)

(5.246)

(5.247)

(5.248)

(5.249)

(5.250)
(5.251)

(5.252)

(5.253)

(5.254)

(5.255)



5.4.5.2 Determination of Deflectionsin CS 1 with a X-Direction I nitial Step
Beginning with the initial deflections of Equation 5.201 through 5.206, and making use of

Equations 5.208 and 5.218, then:

CS=1

0

Bex ' = Bpx 0+ Vx Ot

2 _ 1
Bpx © = Bpx

1 0
Bpz = =Bpz
Bz ? =Bzt + VOt

1
Bez

D3= maXO, Bpx L
p

0, D3
D2=maX 0,D3'VX *,?

0, P2

D1=maX OIDZ'VX K,?
1 . 1 .

WS~ = mlr‘(O,sz ) if CONTYPE= 0

ma>{o,|3pZ 1) if CONTYPE= 1

wrl =ws?! - §pD;

WR' =ws?! - §p{D;- Dy

wQ! =ws?! - 5(D;- Dy

ws?t

AS p=
LP A- D,

2
Bez

D4= max O,Bpx 2.
p

WT ' = AS oA - D)
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(5.256)

(5.257)
(5.258)

(5.259)

(5.260)

(5.261)

(5.262)

(5.263)

(5.264)

(5.265)

(5.266)

(5.267)

(5.268)

(5.269)

(5.270)



WT 2 = mir(O,szz) if CONTYPE= 0

ma>(o, Bpz 2) if CONTYPE= 1
ws? =WT 2 - 5D, - D)
WR? =WT 2 - §p{Ds- D)
WQ? =WT 2 - 5p(Ds- Dy)

WP2 =WT 2 - 5 pD,

Using Equations 5.231 through 5.235 and cycling the system yields:

Bpz
D3 = max 0,Bpy °
Se
Bez
D4 = Mmax 0, BPX 4.
Se

ws?® = mir‘(O,sz3) if CONTYPE= 0

ma>(0,sz 3) if CONTYPE= 1

WP3 =ws? - §pD;
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(5.271)

(5.272)

(5.273)

(5.274)

(5.275)

(5.276)

(5.277)

(5.278)

(5.279)

(5.280)

(5.281)

(5.282)

(5.283)

(5.284)

(5.285)



WR? =wWs? - 5p9{D;- D)

wQ?* =ws? - 55(D;- Dy)

ws?®
A - Dy

AS p=
WT ® = ASpX{A - D,)

wWT * = min(o,BpZ“) if CONTYPE= 0

ma>(o, sz4) if CONTYPE= 1
WS4 =WT * - 5p{Ds- D)

WR* =WT* - 5D, - Dy

WQ* =WT* - 5p(D,- Dy

4 4
WP = WT - S_p>D4

Where the cycle continues to repeat for each time step.

(5.286)

(5.287)

(5.288)

(5.289)

(5.290)

(5.291)
(5.292)

(5.293)

(5.294)

5.4.5.3 Determination of Deflectionsin CS 2 with a Z-Direction Initial Step

Beginning with the initial deflections of Equations 5.201 through 5.206 then:

CS=2

CONTYPE= |0 if Bp, © >0

1if Bpy 0 <0
Bz b =B 0 + V0
Ble =BPXO
Bz’ =Bpz *

Brx © = Bpx 1+ Vy Ot
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(5.295)

(5.296)

(5.297)

(5.298)

(5.299)

(5.300)



0
D3 = BPX

2
D4 = Bpx

,. D
D2=maX 0,D3'VX X,
D;= max 0,D,- Vy %,

wpl=ws!=wrR?!=wQ?! =8B"1

ws?t

AS b=
P A - D3

WT ! = AS p{A - D)

WT 2 =wWS? = WR 2 =WQ2 =wp?2 =ws!?

Using Equations 5.231 through 5.235 and cycling the system yields:

Bpx © = Bpx
3
Bez * = Bpz
4
Bpx * =Dy

wP? =ws? =wR?> =wQ? =By, 3
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(5.301)

(5.302)

(5.303)

(5.304)

(5.305)

(5.306)

(5.307)

(5.308)

(5.309)
(5.310)

(5.311)

(5.312)

(5.313)

(5.314)
(5.315)

(5.316)

(5.317)



ws?®
ASLP H

A - D3 (5.318)

3 . ;
WT 3 = ASp{A - D,) (5.319)
WT4=ws*=zwR* =wQ* =wpP* =ws? (5.320)

Where the cycle continues to repeat for each time step.

5.4.5.4 Determination of Deflectionsin CS 2 with a X-Direction I nitial Step
Beginning with the initial deflections of Equations 5.201 through 5.206, and making use of

Equations 5.295 and 5.306, then:

Brx ' = Bpy O+ Vy Ot

(5.321)
2 1
Bex = Bpx (5.322)
B 1 =B 0
Pz" = Bpz (5.324)
Boz 2 =Bpy b + VOt (5.325)
D, = Bpy °
(5.326)
Ds.= Bpy !
3= Brx (5.327)
Dy= Dy + Vy O %
4% D3+ Vx (5.328)
D
D, = max 0,D, - Vy ° x,?z
(5.329)
wpl=ws!=wR!*=wQ!=wr?!=0 (5.330)
2 2 2 o 2 _ 2
WS® =WR" =WQ*" =WP*“ =B (5.331)
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WS 2

AS =
P A - D3

WT % = AS p{A - D)

Using Equations 5.231 through 5.235 and cycling the system yields:

_n 3
= Bpx

3._p_ 2
Bpz © = Bpz

Bz ' =Bz ® + V7

WS 2 = WT 2

wP3 =ws? =wWR?3 =wQ? =By, 2

ws?®

AS =
"7 A - D3

WT % = As p{A - D)

ws? =wWR* =wQ* =wP* =B, 4

ws 4
A - D3

ASLP =
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(5.332)

(5.333)

(5.334)
(5.335)
(5.336)

(5.337)

(5.339)

(5.339)

(5.340)

(5.341)

(5.342)

(5.343)

(5.344)

(5.345)

(5.346)

(5.347)



WT * = AS_p{A - D,) (5.348)
Where the cycle continues to repeat for each time step.

5.4.5.5 Determination of Deflectionsin CS 3 with a Z-Direction Initial Step
Beginning with the initial deflections of Equations 5.201 through 5.206 then:

Cs=3 (5.349)

CONTYPE= [0 if P,p% 3 0UPp? 3 OUF >90

1 if PZPO EOUPXPO 3 OUF <90

(5.350)
Boz b = Bpy 0 + VOt (5.351)
Bpy 2 =Bp, * (5.352)
Bpx 1 = Bpy ° (5.353)
Bpx 2 = Bpyx © + Vy Ot (5.354)
Prel = PO (5.355)
Pxs? = Py + Vy Ot (5.356)
Pep ™ = Pxp” (5.357)
Pap? = Ppt +Vy Ot (5.358)
Prs? =Pt (5.359)
Pgl =P +v, 0 (5.360)
Pz ? =P’ (5.361)
Pl = Pp 0 +V, 0 (5.362)
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APy = Pp¥ - (LRW - L)Si“(F)

(5.363)
APXS 0 = PXS 0. (LRW - L)S|n(|:) (5364)
APZPO = PZPO + (LRW - L)COS(F) (5,365)
APZSO = PZSO + LRW - L COS(F)
( ) (5.366)
APyp ! = APy °
(5.367)
APyp? = APypl + Vy Ot
XP XP X (5368)
APXSl = APXSO
(5.369)
APyg? = APyt +Vy Ot
XS XS X (5.370)
APzp? = APzt = APz +V; Ot (5.371)
AP,c 2 = APyc b = AP, @+, Ot (5.372)
B O - P O
Sp= % if CONTYPE= 0
Bex = - Pxp
Bo, 0 - PO
% if CONTYPE= 1
B 0 - P 0
Px - Pxs (5.373)
Psp? - AP, O
BSp= |————2  if CONTYPE=0
Pep? - APyp°
Py ? - AP0
£ % it CONTYPE= 1
Ps® - APxs” (5.374)
Brz *
Dy= |max 0,Bpyx ! - s if |CONTYPE=OUP,! £0
P
or(CONTYPE: 1UPg?t @ o)
P
max 0,Pp ! - ——  if CONTYPE= 0U Pt >0
BSp
Prst
max 0,Pyg ® - if CONTYPE= 1UP,5t <0
BSp (5.375)
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D= |Ppl if CONTYPEE OUP,,L £0

Pys® if CONTYPEE 1UP,5! 30

0. D2 .
max 0,D, - Vy x,? otherwise

D4= D2+on>t

D5= D1+Vx0>(

ORDER=
D3 - DZ
Ds
DZ - DZ
Ds

0 if Dg3 D,
1 otherwise

if ORDER= 1

otherwise

if ORDER= 0

otherwise

wt = min(o,szl) if CONTYPE= 0

ma>(o, Bpz 1) if CONTYPE= 1

WR! =w?! if ORDER= 0

ws! =w?! if ORDER=1

WR !

ws?t

WR ! if ORDER= 0

WS?! - 5p{Ds- D) if |CONTYPE= OUP,t £0

or(CONTYPE: 1UPgt 2 o)

ws?t - Bs_p>(D3- D2) otherwise

ws?! if ORDER= 1

WR 1
A - D,

>(A - D3) otherwise
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(5.376)

(5.377)

(5.378)

(5.379)

(5.380)

(5.381)

(5.382)

(5.383)

(5.384)

(5.385)

(5.386)



wQ?! = |Pptl if CONTYPEROUP,,! £0
P,sl if CONTYPEE 1UP,g! 20

WR?' - B§p{D,- D) otherwise

wpl =wQ?! - BSpD;

WT * = AS o)A - D)

WT 2 =ws!?

ws? =| WT2 - 5pD,- Ds) if |CONTYPE=OUP,® £0
0r(CONTYPE= 1U Pt 2 o)

(WT 2 - BS.p(Ds - D3)) otherwise

WR?Z = |P,pl if CONTYPE=ROU P, £0

P,s! if CONTYPE= 1UP,5t 2 0

ws?! - B§pADs- D,) otherwise
WQ? =WR? - B§p{D,- Dy)

WP?2 =WQ? - BSpD;

Using Equations 5.231 through 5.235 and cycling the system yields:

Dy= Dy + V, 2 ot

ORDER= |0 if D52 D,

1 otherwise
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(5.387)

(5.388)

(5.389)
(5.390)

(5.391)

(5.392)

(5.393)
(5.394)

(5.395)

(5.396)

(5.397)

(5.398)

(5.399)



D3y= |D, if ORDER=1
Ds otherwise (5.400)

D,= |D, if ORDER= 0

Ds otherwise

(5.401)
Bpy 2 =Bpy 2 + V525t (5.402)
Bey 4 = Bpy ° (5.403)
Brx ° = Bp ° (5.404)
Bex * = Bpx ° + Vy 2t (5.405)

Where repeating Equations 5.355 through 5.395 with the superscript * replaced with * and
replaced with # is sufficient to show how the cycle continues to repeat for each time step.

5.4.5.6 Determination of Deflectionsin CS 3 with a X-Direction I nitial Step
Beginning with the initial deflections of Equations 5.201 through 5.206, and making use of

Equations 5.349, 5.350 and 5.363 through 5.366 then:

sz . = sz 0 (5406)
Bez * = By " 4 V2O X (5.407)
Bex ' = Bpx O+ Vx Ot (5.408)
Bex = Bpx | (5.409)
PXS 2 = PXS 1 = PXSO + VX 0 X (5'410)
Pep? = Pxpt =P +Vy Ot (5.411)
Prpt = Pgp® (5.412)
Prp? =Pt + V7 %t (5.413)
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1 _ 0
Pzs ™ = Pzs

PZQZ =stl +VZO>{

AP, = AP, ©

APZPZ =APZP1 +VZO>(

APZS 1 = APZS 0

APZSZ =Apzsl +Vzo>t

APXSZ =APXSl =APXSO +VX0>(

APXP2 =APXP1 =APXP0 +VX0>(

Using Equations 5.373 and 5.374 to define S_p and BS, p respectively yields:

1

1 P :
max 0,Pxp - if CONTYPE= 0
BS e
Prs
max 0,Pyg ! - if CONTYPE= 1
BSp
0, D2
D1=maX 0,D2-VX X,?
P 2
2 zP : . 2
max 0,Pyxp 2 - if CONTYPE= OU P,p? >0
BS e
Pys 2
max 0,Pyg 2 - if CONTYPE= 1UP,52 <0
BSp

Pyp2 if CONTYPEREOUP,p2 £0

Pys? if CONTYPE= 1UP,52 30
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(5.414)

(5.415)

(5.416)

(5.417)

(5.418)

(5.419)

(5.420)

(5.421)

(5.422)

(5.423)

(5.424)



2
Bpz

f |CONTYPE=OUP,2 £0

Dy= |max 0,Bpy 2 -
P

or(CONTYPE: 1UPg? 2 o)

D5 otherwise

ORDER= |1 if D3= Dy

0 otherwise

Ds- D
D3= D2+

if ORDER= 1

D5 otherwise
wsl=wt!=wr?!=0
wQ! =wr?! - B§p{D,- D))
wrl =wQ?! - BSpD;

WS? = |P,p? if ORDER= 0U CONTYPE= 0
P,s 2 if ORDER= 0U CONTYPE= 1
-BS Dy - D) otherwise

WT?2 =0
WR? =wWs? - BS pADs- D)

wQ?2 =wQ?l +v,%%

wP? =wp?l +v, 0%

Using Equations 5.231 through 5.235 and cycling the system yields:

3 2
Bpz © = Bpz

Bz =Bz ° + V2
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(5.425)

(5.426)

(5.427)

(5.428)

(5.429)

(5.430)

(5.431)
(5.432)
(5.433)

(5.434)

(5.435)

(5.436)

(5.437)



Pp® = Pyp® = Pyp? +Vx 2t
Pzp® = Pgp?

Pt = Pp® + V7%t

Prs® = Pss?

PZS4 =PZSS +V22>{

AP, 2 = APy 2

APZP4 =Apzp3 +V22>t

APXS4 =APX53 =APXS2 +Vx 2

APxp® = APyp® = APyp? +Vy 2

APZS 8 = APZS 2

APZS4 =AP283 +V22>(

D; if ORDER=0

D, = (D1 + Vy 2 >¢) if ORDER= 1

b

b

mir(D4,D1 + Vy 2 >¢) if ORDER= 0
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(5.438)

(5.439)
(5.440)

(5.441)

(5.442)

(5.443)

(5.444)

(5.445)

(5.446)

(5.447)
(5.448)
(5.449)

(5.450)

(5.451)

(5.452)

(5.453)



Dy = ma>(D4,D1 + Vy 2 >¢) if ORDER= 0

ORDER,

D3=

D, +

4
s Pz _ . . 4
max 0,Pyp * - if ORDER= 1 U CONTYPE= 0U P,p 4 >0
BSp
P4
4 ZS . N N 4
max 0,Pyg ™ - BS, if ORDER=1U CONTYPE=1UP,5~ <0
P

Pp? if ORDER= 1U CONTYPE= OUP,* £0

Pys* if ORDER= 1U CONTYPE= 1UP,5* 3 0

= |1 if D3=D4

0 otherwise

D,- D,

if ORDER, = 1

D5 otherwise

wQ? =

wp? =

0 if ORDER= 1
P,p > if ORDER=0U Dy= Dy + Vy 25 U CONTYPE= 0
P,s3 if ORDER=0UD,=D; + Vy 2 U CONTYPE= 1
Psp? - BSp(Ds- Dy if ORDER=0U D, <Dy + Vy 25 U CONTYPE= 0

P,s® - BSp{D3- Dy) if ORDER= 0U D, <Dy + Vi 2>t U CONTYPE= 1

0 if ORDER= 1
P,p 2 if ORDER=0U D,<D; + Vy 25 U CONTYPE= 0
P,s® if ORDER=0U D, <D; + Vy 25 U CONTYPE= 1

WT % - 5Dy~ Dy) if ORDER=0U Dy= Dy + Vy % %

0 if ORDER= 1
min(BF,Z 3 ,o) if CONTYPE= 0 U ORDER= 0

mal{Brz * 0] if CONTYPE= 1U ORDER= 0

WR? - B§ p{D,- Dy)

WQ? - BSpD;
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(5.454)

(5.455)

(5.456)

(5.457)

(5.458)

(5.459)
(5.460)

(5.461)



ws 3

Wt 3

wQ *

wp 4

D, if ORDER= 1
D, if ORDER=0U D,= D; + Vy 2 5

D; if ORDER=0U D, <D + Vy 2 5

D, if ORDER= 1
D; if ORDER=0U D,= Dy + Vy 2 5
Dy- D

3 . <
Dy + if ORDER= 0U D, <Dj + Vy 25t

D; if ORDER= 1
D, if ORDER=0

D, if ORDER= 1

min Bpy 4 ,Bpy * - if ORDER= 0

=
O

if ORDER= 1
P, 3 if CONTYPE= 0 U ORDER= 0

P,s® if CONTYPE= 1 U ORDER= 0

= |ws® if ORDER= 1
WT 2 if ORDER=0

= |WT 2 if ORDER= 1

wrt 3
A - D3

{A - D,) if ORDER=0

WR 3 if ORDER= 1

Ws? - 5p{Ds- D,) if ORDER= 0
=WQ?3 +Vv, 2%

=WP3 +V, 2
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(5.463)

(5.464)

(5.465)

(5.466)

(5.467)

(5.468)

(5.469)

(5.470)

(5.471)



wrT 4

WR 4

0 if ORDER= 1
mir(Be  ,0) if CONTYPE= 0 U ORDER= 0

ma>{BpZ 4 ,o) if CONTYPE= 1 U ORDER= 0

(5.472)
P,, % if ORDER= 1 U ORDER, = 0U CONTYPE= 0
P,s* if ORDER= 1U ORDER, = 0 U CONTYPE= 1
-BS D4~ D) if ORDER= 1U ORDER, = 1
WT * - 5p{Ds- Dg) if ORDER=0
(5.473)
ws* - B§pDs- D,) if ORDER=1
4 - i =
Ws* - 5p{Ds- D,) if ORDER= 0 (5.474)

Where the cycle continues to repeat for each time step starting with Equation 5.475.

ORDER= ORDER,

(5.475)

5.4.5.7 Determination of Deflectionsin CS 4 with a Z-Direction Initial Step
Beginning with the initial deflections of Equations 5.201 through 5.206 and making use of

Equations 5.351 through 5.374 then:

Cs=14

(5.476)
CONTYPE= |0 if P,p° 3 0UPp® 2 0UF £90
H 0 S 0 3 S 3
1if Pp? £E0UP® 20UF 290 (5.477)
D= [Pl if CONTYPE= 0
Pys ' if CONTYPE= 1
(5.478)
B 2
D2=min BPXZ,BPXZ P ,D1+on>t
3 (5.479)
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2
» Bez

D3= max D1+VX O>t,min Bpx 2 ,Bpx
=)

(5.480)
D4= D3 + VX 0 %X (5 481)
WPl =wQ?! = |Pp?! if CONTYPE= 0O
P,s 1 if CONTYPE= 1 (5.482)
WR! = |min o WwQ' +Sp{D,- Dy) if CONTYE=0
max O,WQ* + S pX{D,- D;) if CONTYE= 1 (5.483)
WR 1
ws? 5 {A - D)
5 (5.484)
1
wrt=2R_4n D)
A= D (5.485)
wP? =wQ? =wWR? =wp?
(5.486)
Ws? = |[WPY if Dg=D;+ Vy O %
min O,WR 2 + S p{Ds- Dg) if CONTYPE= 0U D3 >D; + Vy % %
max O,WR ? + S p{D, - D) if CONTYPE= 1UDg>D; + Vy * % (5.487)
2
wr2 = 5 {A - D)
A - Ds (5.488)

Using Equations 5.231 through5.235 and cycling the system yields the exact procedure as starting
from Equation 5.478 with the superscript * replaced with * and 2 replaced with *.

5.4.5.8 Determination of Deflectionsin CS 4 with a X-Direction I nitial Step
Beginning with the initial deflections of Equations 5.201 through 5.206, and making use of

Equations 5.476, 5.477 and 5.406 through 5.420 then:

197



D;= |Pp? if CONTYPE= O

Pys® if CONTYPE= 1
D2=D1+VX0>(
wpl=wQ!=wrR!=ws!=wr?!=0

WP2 =wQ2 =WR? = |P,p! if CONTYPE= O

P,s! if CONTYPE= 1

WT ? = ma{O,BpZZ) if CONTYPE= 1

min(o,BPZ 2) if CONTYPE= 0

2
» Bez

D4= min Bpx 2 ,Bpx
P

D,- D,
2

D3= D2+

WS=WT - § D, - D3)

Using Equations 5.231 through 5.235 then cycling the system yields:

D2= mir(D4,D1 + VX 2 >t)
DQ= ma)(DA,D1 + Vy 2 )t)

3
s Bez

D4= min Bpx 3 ,Bp)(
P

wpP? =wQ?3 =wWR?3 =wp?

WT 2 =Wt ?
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(5.489)

(5.490)

(5.491)

(5.492)

(5.493)

(5.494)

(5.495)

(5.496)

(5.497)
(5.498)

(5.499)

(5.500)

(5.501)

(5.502)



3 - 3 _
Ws3 =WT 3 - 5D, - Dy) (5.503)

D1= D2 if D2=D1+Vx2>{
D3 otherwise (5.504)
D2= D3 if D2=D1+Vx2>t
D,- D
Dy + ‘3 otherwise
(5.505)
D3 =Dy (5.506)
B, 4
D4= min Bpx 4 ,Bpx 4 P
Sp (5.507)
WR 3 =wQ® +5p{D,- D)) (5.508)
3 _ 3
WS* =Wt (5.509)
3
wr 3 = W3 A - D,)
A - Dy (5.510)
WT4 =wT 3 +v, 2%
(5.511)
Ws* =ws? +Vv, 2 & (5.512)
WR* =WR?3 +V, 2%
(5.513)
4 _ 4 _ 3 2
WQ"™ =WP™ =WP "~ +V;“ % (5.514)

Using Equations 5.232 and 5.235 the cycle continues to repeat for each time step starting with
Equation 5.515.

(5.515)

D, = mir(D4,D1 + Vyx 4 ’t) (5.516)
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Dy= ma>{D4,D1 +Vy 4 >t) (5.517)

D4= D4+VX4>(

(5.518)

WwP* =wQ* =wWR* = |P,p* if CONTYPE= O
P,s 4 if CONTYPE= 1 (5.519)
wT 4 =wt * (5.520)
WS4 =WT * - 5D, - Dy (5.521)

Where the cycle continues to repeat for each time step.

The complexity of the equations of Sections 5.4.5.1 through 5.4.5.8 is ssimplified as much as
possible by the flow chart of appendix J detailing the energy absorption procedure from a plate of
Figure 5-60.

5.4.6 Validation of Energy Absorption of Twenty-Five-Region Plate
To validate the proposed twenty-five-region plate plastic membrane theory for the determination of

the energy absorbed through the non-uniform longitudinal deflection of transverse bulkheads and
webs, the method is compared to finite element analysis for 20 separate cases as outlined by Table
5-7. For each case theinitial conditions are provided in Table 5-6.

Table 5-6 Constant Parametersfor Twenty-Five Region Plate Test Cases

Case Costants
Variable Value Units
Rigid Wedge Mass | 50228.4 Kg
Failure Strain 0.1 -
HEA 23.2 Degrees

A 7.5 m

B 10 m
Analysis Time Step 0.001 S
Plate Yield Stress |2.35E+08 Pa
Rigid Wedge Height 5.5 m
Rigid Wedge Beam 3 m
Rigid Wedge Length 10 m
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Table 5-7 Twenty-Five Region Plate Test Case Variable Values

— Variable
Initial X Initial Z
Collision [Component [Component Plate
Angle Velocity Velocity | Thickness
Case CSs (degrees) (m/s) (m/s) (mm) Bpx (m) | Bpy (m) | Bpz (m)
1 1 90 3 5 20 0 1.5 0.5
2 1 75 5 3 20 0 1.5 0.5
3 1-4 90 3 3 20 3 -0.5 1.5
4 1-3 105 4 5 20 2 -0.5 2.5
5 2 66.8 2 4 20 2 0.75 0.5
6 2 66.8 4 1 20 2 0.75 0.5
7 2 66.8 2 4 20 2 -0.75 0.5
8 2 66.8 5 3 20 2 -0.75 0.5
9 3 105 4 2 20 4 -0.5 3
10 3 105 2 4 20 4 -0.5 3
11 3 115 5 2 20 4 1 4
12 3 115 2 5 20 4 1 4
13 4 75 5 1 20 4 1.5 1
14 4 75 1 5 20 4 1.5 1
15 4 90 5 2 20 5 -2 1.75
16 4 75 2 5 20 5 -2 2.75
17 1 90 3 5 8 0 1.5 0.5
18 1 90 3 5 31 0 1.5 0.5
19 3 115 2 5 16 4 1 4
20 3 115 2 5 25 4 1 4

Figure 5-63 through Figure 5-71 show a comparison of the resultant deformation from both the
finite element analysis and twenty-five-region plate theory for case 4 of Table 5-7.

Figure 5-63 Test Case 4 Twenty-Five Region Plate Deflection at 0.1 Seconds
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Figure 5-64 Test Case 4 FEA Deflection at 0.1 Seconds

Figure 5-65 Test Case 4 Twenty-Five Region Plate Deflection at 0.2 Seconds

Figure 5-66 Test Case 4 FEA Deflection at 0.2 Seconds
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Figure 5-67 Test Case 4 Twenty-Five Region Plate Deflection at 0.3 Seconds

Figure 5-68 Test Case 4 FEA Deflection at 0.3 Seconds

Figure 5-69 Test Case 4 Twenty-Five Region Plate Deflection at 0.35 Seconds
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Figure5-70 Test Case 4 FEA Deflection at 0.35 Seconds

Figure5-71 Test Case 4 FEA Plate M esh Deflection at 0.35 Seconds

Figure 5-72 through Figure 5-91 provide the comparison of the energy verses time response for
each case of Table 5-7.

Figure5-72 Case 1 Simplified M ethod and FEA Absorbed Energy vs. Time Comparison
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Figure 5-73 Case 2 Simplified M ethod and FEA Absorbed Energy vs. Time Comparison

Figure5-74 Case 3 Simplified M ethod and FEA Absorbed Energy vs. Time Comparison
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Figure 5-75 Case 4 Simplified M ethod and FEA Absorbed Energy vs. Time Comparison

Figure5-76 Case 5 Simplified M ethod and FEA Absorbed Energy vs. Time Comparison

206



Figure5-77 Case 6 Simplified M ethod and FEA Absorbed Energy vs. Time Comparison

Figure 5-78 Case 7 Simplified M ethod and FEA Absorbed Energy vs. Time Comparison
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Figure 5-79 Case 8 Simplified M ethod and FEA Absorbed Energy vs. Time Comparison

Figure 5-80 Case 9 Simplified M ethod and FEA Absorbed Energy vs. Time Comparison
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Figure 5-81 Case 10 Simplified Method and FEA Absorbed Energy vs. Time Comparison

Figure 5-82 Case 11 Simplified Method and FEA Absorbed Energy vs. Time Comparison
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Figure 5-83 Case 12 Simplified Method and FEA Absorbed Energy vs. Time Comparison

Figure 5-84 Case 13 Simplified Method and FEA Absorbed Energy vs. Time Comparison
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Figure 5-85 Case 14 Simplified M ethod and FEA Absorbed Energy vs. Time Comparison

Figure 5-86 Case 15 Simplified Method and FEA Absorbed Energy vs. Time Comparison
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Figure 5-87 Case 16 Simplified Method and FEA Absorbed Energy vs. Time Comparison

Figure 5-88 Case 17 Simplified Method and FEA Absorbed Energy vs. Time Comparison
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Figure 5-89 Case 18 Simplified Method and FEA Absorbed Energy vs. Time Comparison

Figure 5-90 Case 19 Simplified Method and FEA Absorbed Energy vs. Time Comparison
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Figure 5-91 Case 20 Simplified Method and FEA Absorbed Energy vs. Time Comparison

As shown in Figure 5-72 through Figure 5-91, there are two differences between the theoretical
prediction and the finite element results. These are 1) elastic/plastic bending as indicated by the
notation of “Initial Deformation Pattern” and 2) combination deflection and crushing or pure
crushing as indicated by the notation “Mode Change to Crushing”. Figure 5-92 shows crushing in
the finite element analysis of case 6 in Table 5-7 while the same case analyzed by the twenty-five-
region simplified method does not consider this crushing.
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Figure 5-92 FEA Plate Crushing

Asdiscussed in Section 5.4.1 the theory for the energy absorbed by the plate using the flow theory
of plasticity islimited to a perfectly plastic material law that does not account for the energy
absorbed in initial elastic bending. Additionally, the simplified method strictly assumes that the
deformation of the plate is exactly the shape of the impinging rigid wedge, consequently, plastic
bending occurring in the finite element model is not accounted for in the simplified method. The
difference between the initia bending deformation in the finite element model and the simplified
method is highlighted in Figure 5-93 and the effects of this difference are seenin cases 4 and 11
(Figure 5-75 and Figure 5-82) where for case 11 the component of the velocity in the x direction is
greater than the component in the z direction and the collision angle is highly oblique forcing more
energy to be absorbed in the initial bending of the plate in the finite element model.
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Figure 5-93 FEA Bending vs. Simplified M ethod Defor mation

The second difference in Figure 5-72 through Figure 5-91 is due to the change in the deformation
mode of the plate from lateral deflection to that of crushing as treated by the method of Section 5.2
but not shown in these figures. Asthe plateislaterally deformed, a high amount of velocity in the x
direction will tend to push against the plate instigating an axial stress on the plate and causing a
change in the deformation mode to crushing. To overcome this variation in the above test cases, the
theory of Section 5.2 isincorporated into the flow theory such that if the energy to crush the plate
isless than the energy required to laterally deform the plate then the method of Section 5.2 is used
to determine the energy absorbed during the time step, if however the energy to laterally deform
the plate is the lesser then that energy and deformation mode is used for the time step. Figure 5-94
through Figure 5-100 present the results of this combination of method analysis for cases 2, 7, 8,
12, 15, 18 and 19 of Table 5-7.

Figure 5-94 Case 2 Simplified M ethod (With and Without Crushing) and FEA Comparison
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Figure 5-95 Case 7 Simplified M ethod (With and Without Crushing) and FEA Comparison

Figure 5-96 Case 8 Simplified M ethod (With and Without Crushing) and FEA Comparison
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Figure 5-97 Case 12 Simplified Method (With and Without Crushing) and FEA Comparison

Figure 5-98 Case 15 Simplified Method (With and Without Crushing) and FEA Comparison
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Figure 5-99 Case 18 Simplified Method (With and Without Crushing) and FEA Comparison

Figure 5-100 Case 19 Simplified M ethod (With and Without Crushing) and FEA Comparison

As shown in Figure 5-94 through Figure 5-100 the combination mode provides a better
representation of the energy absorbed by the plate when subjected to alateral and axial load. The
correlation coefficients for these cases are provided in Table 5-8 as cal culated using Equation 5.1.
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SIMCOL version 3.0 is adapted to use this combination mode for the energy absorbed by

transverse bulkheads and webs.

Table 5-8 Correlation Coefficient of Simplified M ethod to FEA Energy vs. Time Curves

Case # | Correlation Coefficient

2 0.744
7 0.623
8 0.648
12 0.875
15 0.571
18 0.71

19 0.903
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6 Corrdation and Validation of SIMCOL

6.1 SIMCOL Correlation
Penetration results of SIMCOL 3.0 with and without the deformable bow model of Section 5.3 for

the 150K DWT Bulk Carrier (BC150) striking a 150K DWT Double Hull tanker (DH150) are
provided in Figure 6-1 through Figure 6-6 where the ALPS/SCOL, DAMAGE, and DTU collision
model results (discussed in Sections 4.3.4, 4.3.5 and 4.5.1 respectively) are also shown. The
BC150 and DH150 structural models are discussed in Appendixes A and E.

Figure 6-1 Penetration vs. Collision Location for BC150 Striking DH150 at 90 Degrees and 3 knots
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Figure 6-2 Penetration vs. Collision Location for BC150 Striking DH150 at 90 Degrees and 7 knots

Figure 6-3 Penetration vs. Collision Location for BC150 Striking DH150 at 90 Degrees and 3 knots
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Figure 6-4 Penetration vs. Collision Location for BC150 Striking DH150 at 90 Degrees and 7 knots

Figure 6-5 Penetration vs. Collision Angle for BC150 - DH150 at 3.5 m fwd Amidshipsand 3 knots
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Figure 6-6 Penetration vs. Collision Angle for BC150 - DH150 at 3.5 m fwd Amidshipsand 7 knots

In most cases the SIMCOL penetration results are less than that predicted by the DTU,
ALPS/SCOL or DAMAGE models. The predominant cause of the lower prediction of penetration
isthat other methods do not properly consider the energy absorbed in longitudinal extent of
damage (DTU method considers fixed penetration to longitudinal extent of damage energy ratio)
leaving additional energy to be absorbed in additional penetration. Furthermore, DAMAGE,
ALPS/SCOL and the DTU model do not consider yaw (and in some cases sway) motions of the
struck ships providing afixed rigid target that must absorb all energy through structural
deformation vice imparting kinetic energy to the vessel which would produce alower penetration.

Additionally, in some cases the SIMCOL results with the inclusion of Pedersen’s bow crush model
are lower than the penetration results without the inclusion of Pedersen’s bow crush model.
Though counterintuitive, this phenomenon occurs when the energy required to crush the bow
structure is much less than the energy required to crush the structure of the struck ship for the same
penetration. Thus, moreinitial energy is available for the following time step and enables the

analysis to produce more penetration.
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The hump in the SIMCOL results on Figure 6-1 where the collision location is 36.5 meters forward
of amidships and the collision speed is three knots is caused because the collision provides enough
moment to the struck ship to move the contact point from “on the web” to “off the web” thus
increasing the penetration. Not enough moment however, is provided to the struck ship to decrease
the penetration as seen in collision location cases of 69.5 and 102.5 meters forward of amidships.
As seen by comparing Figure 6-1 to Figure 6-2 and Figure 6-3 to Figure 6-4 the increase of striking
ship velocity reduces the effect of striking “on the web” or “off the web”. The full effect of
striking “on aweb” is seen in Figure 6-5 and Figure 6-6 where the energy required to laterally
deform the web is added to the total lost energy of the system yielding less energy available to
cause more penetration. Finally, the asymmetry in the SIMCOL results of Figure 6-6 is dueto the
collision location being offset 3.5 meters forward from amidships. Therefore oblique collision
angles less than 90 degrees would show a decrease in penetration over the collision angles that are
greater than 90 degrees due to the difference in moments caused on the struck ship.

Comparative results for the longitudinal extent of damage, like the results of penetration in Figure
6-1 through Figure 6-6 are desirable, however no results for the longitudinal extent of damage for
any comparative collision cases are available.

6.2 SIMCOL Validation
SIMCOL isvalidated using two collision events described by Minorsky’s[9] original data and

updated with additional library research. The first validation case is the collision between the
David E. Day and the Marine Flier in the Pacific Ocean on May 17, 1952. The second validation
caseisthe collision between the P& T Adventurer and the Tullahomain the North Pacific on
August 4, 1951.

6.2.1 David E. Day Marine Flier Collision
On May 17, 1952 the C4 cargo vessel “Marine Flier” struck the T2 tanker “David E. Day” at a

reported 55-degree collision angle between frames 59 and 62 of the David E. Day, approximately 9
meters forward of amidships. The reported vessel speeds at the time of the collision were 16.3
knots for the David E. Day and 16.5 knots for the Marine Flier causing areported 17 ft of
penetration and 35 ft of damage length. However, extensive examination of documents related to
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the collision reveal that the actual speeds of the Marine Flier and David E. Day at the time of the
collision were closer to 5 to 7 knots and the collision angle was in actuality between 50 and 55
degrees. In part these changes are due to last minute “Full Astern” and “Hard Right Rudder” orders

given by the masters of each vessel in the effort to avoid the collision.

Structural drawings for both ships were obtained through the National Archives and Records
Administration and specific data was used in SIMCOL version 3.0. Appendix C provides
information on the “Marine Flier” while appendix F provides information on the “David E. Day”.
In the SIMCOL analysis the collision angle was set at 51 degrees with a collision location of 10
meters forward of amidships. Theinitial striking vessel speed was set at 5.5 knots, and the struck
vessel speed was retained at 7 knots. The SIMCOL results are 5.289 meters or 17.35 ft of
penetration and 10.787 meters or 35.39 ft of damage length. The SIMCOL results are conservative
by approximately 2% in penetration and 1% in damage length compared to Minorsky’s (1959)
reported penetration and damage length values. The variation from SIMCOL version 3.0 to the
validation of the finite element analysis of the same caseis shown in Table 6-1.

Table 6-1 FEA - SIMCOL Validation Percent Difference

Validation with Marine Flier -
David E. Day Collision

Method Penetration (ft) | L.E.D. (ft)
SIMCOL 17.35 35.39
FEA 16.7 32.8
% Difference 3.75% 7.32%
Reported 17 35
% Difference 2.06% 1.11%

6.2.2 P&T Adventurer Tullahoma Collision
On August 4, 1951 the Victory cargo vessd “P&T Adventurer” struck the T2 tanker “Tullahoma’

at areported 90-degree collision angle between frames 41 and 45 on the Tullahoma, approximately
44.5 meters aft of amidships. The reported vessel speeds at the time of the collision were 10 knots
for the Tullahoma and 14 knots for the Adventurer causing a reported 25 ft of penetration and 20 ft
of damage length. However, extensive examination of documents related to the collision reveal that
the actual speed of the Adventurer at the time of the collision was closer to 9.5 knots and the actual
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speed of the Tullahoma was approximately 8 knots. Again, these changes are due to last minute

orders given by the masters of each vessel in the effort to avoid the collision.

Structural drawings for both ships were obtained through the National Archives and Records
Administration and specific data was used within SIMCOL version 3.0. Appendix D provides
information on the “P&T Adventurer” while appendix F provides information on the “Tullahoma’.
In the SIMCOL analysis the collision angle was set at 90 degrees with a collision location of 44.5
meters aft of amidships. Theinitial striking vessel speed was set at 9.5 knots, with the struck vessel
speed set at 8 knots. The SIMCOL results are 7.694 meters or 25.24 ft of penetration and 6.34
meters or 20.8 ft of damage length. The SIMCOL results are conservative by approximately 1% in
penetration and 4% in damage length compared to Minorsky’ s (1959) reported penetration and
damage length values. The variation from SIMCOL version 3.0 resultant damage to the reported
damageis presented in Table 6-2.

Table6-2: SIMCOL Validation Percent Difference

Validation with Tullahoma -
P&T Adventurer Collision

Method Penetration (ft)| L.E.D. (ft)
SIMCOL 25.24 20.8
Reported 25 20

% Difference 0.96% 4.00%

6.3 SIMCOL Probabilistic Validation
The probabilistic validation of SIMCOL version 3.0 is performed by comparison of MARPOL

73/78 probabilistic damage extents reported in Annex 1 [4] and the HARDER project [133]
reported damage extent database to SIMCOL analysis of a100k dwt single hull tanker (SH100)
and a 150k dwt double hull tanker (DH150) using 10000 probabilistic striking ship contact
scenarios [100]. The structure and design of both the SH100 and DH150 are provided in appendix
K and appendix E respectively.

Figure 6-7 and Figure 6-8 show the comparison of the non-dimensional results of the penetration
for the SH100 and DH150 respectively.
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SH100 PENETRATION

0.6
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0.4 1
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8 ——SIMCOL 3.0
——HARDER
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-0.1

PENETRATION/BEAM

Figure6-7: SSIMCOL, MARPOL & HARDER SH100 Penetration Comparison

DH150 PENETRATION
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0.4
—— MARPOL
X —=— SIMCOL 3.0
—~— HARDER

01 02 03 04 05 06 0.7 08 0.9

-0.1

PENETRATION/BEAM

Figure6-8: SIMCOL, MARPOL & HARDER DH150 Penetration Comparison

The SIMCOL version 3.0 results compare well to the trends of both the MARPOL and

HARDER data where the SH100 SIMCOL analysis results better match the data of MARPOL,
which was compiled using older single hull vessels[100]. The DH150 resultsfall between the
MARPOL and HARDER data where the HARDER data contains the original MARPOL dataand a
collection of more recent collision events involving both single and double hull vessels.
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Figure 6-9 and Figure 6-10 show the comparison of the non-dimensional results of the longitudina
extent of damage (LED) for the SH100 and DH150 respectively.

SH100 L.E.D

05

0.4

03 - —— MARPOL
R 024 —=— S|IMCOL 3.0

011 —— HARDER

O’

4 5 2 > x o 6 A O o

L.E.D./LBP

Figure6-9: SSIMCOL, MARPOL & HARDER SH100 LED Comparison
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Figure 6-10: SIMCOL, MARPOL & HARDER DH150 L ED Comparison
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Because of the geometry of the striking ship used within SIMCOL as shown in Figure 5-30, the
standard calculation of LED using the distance between the forward most and aft most contact of
the striking ship to the struck ship hull will be low compared to the actual results for collisions
where the collision angleis less oblique and penetration islow. Thisis becausethe LED is
determined on the geometry of the striking ship; specifically for less oblique low penetration
collisions the LED is most sensitive to the half entrance angle (HEA). However, the defined
SIMCOL HEA input isfor the striking ship waterline but in actual less oblique low penetration
collisions the LED is predominantly a function of the HEA at the forecastle deck or the at the bulb,
both of which are often greater than the HEA at the waterline. To overcome the deficiency in the
LED calculation SIMCOL version 3.0 uses the following calculation of LED.

LED _ |LOCAFT- LOCFOR . . o LOCAFT- LOCFOR _
LBP1 LBP1 LBP1

LOC_AFT - LOC_FOR _B1 .
= = x—XB3- PEN) otherwise
LBP1 B2

B4

(6.1)

Where:

PEN — penetration of striking ship into the struck ship divided by the struck ship beam
LBP1 — struck ship length between perpendiculars

LOC_FOR —forward most point on struck ship that striking ship hull contacts
LOC_AFT —aft most point on struck ship that striking ship hull contacts

B1=1/B2

B2 = 0.25 or other fitted value

B3 = 0.3125 or other fitted value

B4=0.2

A restriction on B1, B2, B3 and B4 is required such that B4 B2/(B3xB1). Additionally, a second

restriction on B2 isrequired such that B2 0.25. This method considers only the less oblique cases
where penetration and longitudina extent of damage are minimal as occursin all less oblique low
penetration collisions.
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As with the penetration results of Figure 6-7 and Figure 6-8 the SIMCOL LED results of Figure
6-9 and Figure 6-10 compare well to the data of both MARPOL and HARDER where the
maximum variation between any of the datais less than 10%.
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7 Conclusions
A simplified model for the prediction of damage in ship collisionsis presented. SIMCOL uses a

time-domain simultaneous solution of external ship dynamics and internal deformation mechanics.
Reacting forces for deformation in side and bulkhead (vertical) structures are determined using
specific component deformation mechanisms including: bow crushing; membrane tension; shell
rupture; web frame bending; shear and compression; force required to propagate the yielded zone;
force induced through longitudinal deflection of webs and transverse bulkheads; and friction.
Absorbed energy and forces from the crushing and tearing of decks, bottoms, stringers,

longitudinal and transverse bulkheads are determined using the modified Minorsky correlation with

acareful calculation of changesin struck-ship damaged volume.

SIMCOL isvalidated using two separate collision cases providing a good correlation to observed
penetration and longitudinal extent of damage values. The difficulty in obtaining exact and
probabilistic values of the vessel speeds and collision angle along with initial contact location is
discussed, relying heavily upon engineering assessment of all available documentation of the

collision event.

Further validation of SIMCOL has been performed using the intended probabilistic functionality of
SIMCOL and compared to the data collection of both MARPOL and the HARDER project. Good
agreement between the probabilistic damage extent from SIMCOL to both data collection has been
obtained.

Efforts are on going with the US Coast Guard to collect more recent collision data sufficient for

additional physical validation of SIMCOL. This datais difficult to obtain and frequently

incompl ete in some aspect.
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8 Future Work

Future work includes the following:

1)

2)

3)

4)

5)

6)

7)

8)
9)

Incorporation of additional struck vessel structural geometries, such as passenger vessels,
bulk carriers and containershipsinto the SIMCOL program.

Incorporation of a cargo energy-absorbing module into the SIMCOL program.
Investigation into the fracture and failure of ship material and structures to better
understand and predict element and material failure strain for use in both FEA and
SIMCOL.

Development of araked bow (with and without bulb) model for SIMCOL to enable a
higher degree of accuracy in capturing the striking vessel bow geometry.

Application of SIMCOL in a probabilistic optimization framework such as Model Center or
ISIGHT.

Development of SIMCOL user-friendly front-end interface.

Development of SIMCOL users and theoretical manual.

Development of SIMCOL graphical output to enable user visualization of analysis.
Additional validation of the SIMCOL program to actual collision events.
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Appendix A: 150K dwt Bulk Carrier Bow Structural Data
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Appendix B: 40K dwt Container Ship Bow Structural Data
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Appendix C: C4 Cargo Ship Bow Structural Data

The scantlings and dimensions of the C4 cargo vessel used are the same as the Victory Cargo ship

of appendix D multiplied by afactor of 1.149. All thicknesses used are exactly those of the VC2-S-
AP3 of appendix D.
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Appendix D: Victory Cargo Ship Bow Structural Data

VC2-S-AP3 (Victory Cargo)

Ship Particulars:

LBP - 436.5 ft
LWL 1 444.0 ft
Length Overall - 455.25 ft
Moulded beam 1 62.0 ft
Moulded depth : 38.0ft
Moulded Draft at DWL : 28.0ft
Displacement (loaded) : 14,832 tons
Max. Service Speed : 16.0 knots

The bow is stiffened transversely. The transverse stiffener spacing is 2.0 ft. The most
important structural data for the bow are:

Materidl:

Yield Stress for plates and stiffeners : 235 Mpa
Ratio between ultimate and Yield stress 114
Bottom:

Plate thickness :27.0mm
CL-Girder :19.5mm
Sideshell:

Plate thickness, side shell up to 18 ft abl : 27.0 mm
Plate thickness, side shell between 18 ft and 51 ft abl :21.25mm

Forecastle deck, 51 ft abl:
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Plate thickness
CL-Girder

Main deck, 42 ft abl:

Plate thickness
CL-Girder

Second deck, 28 ft abl:

Plate thickness

CL-Girder

Stringer deck 3 (not watertight), 35 ft abl:

Plate thickness

Stringer deck 2 (not watertight), 23 ft abl:

Plate thickness

Stringer deck 1 (not watertight), 18 ft abl:

Plate thickness
Breast hooks:
Number of breast hooks

Thickness

:10.5 mm

1 27inx 19.5 mm

:10.5 mm

:28inx 19.5 mm

:10.5 mm

:24inx 19.5 mm

:10.5 mm

:10.5 mm

:10.5 mm

114

:10.0 mm

The following are graphical representations of the VC2-S-AP3 bow:
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Appendix E: 150K dwt Double Hull Tanker Cargo Section Structural Data

IMO 150k dwt Double Hull Reference Tanker

| nfor mation Book For

Grounding and Collision Analysis

UPDATE: OCTOBER 15, 1999
A.J. Brown
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Nava Architecture

L=264m B=48m D=24m T=168m D=178867MT

Profile and Plan

Weights and Stability
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Primary Subdivision

Double Bottom: hpg = 2.32 meters

Double Side w = 2 meters
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Full Load cargo
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Structural Design

Ship Dimensions

HULL TYPE
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MIDSHIP GEOMETRY

TANK DEFINITION
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TRANSVERSE MEMBERS

Web Configuration
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Main Supporting Members — Side Transverse (\Web)

Web thickness upper = 12 mm
Web thickness lower = 18 mm
Main Supporting Members — Deck Transverse

Deck Transverse Web thickness = 15 mm; Depth =2.5m
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Main Supporting Members — Vertical Web on Longitudina Bulkhead

CL Bulkhead Vertical Web thickness = 14 mm; Depth =2.0 m

Double Bottom Floor / Girder Properties
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Transverse Bulkhead
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Material

Material Zones:

MATERIAL TABLE

MAT # MAT ID YIELD STRESS ULT STRESS Q-FAC Sm
(kgf/cm2) (kgf/cm2)

1 MILD 2400. 4100. 1.000 1.0
2 HT32 3200. 4500. .780 .950
3 HT36 3600. 5000. 720 .908
4 HT40 4000. 5200. .680 875

Stiffener Library:

ikg#e TYPE ABS ID DESCRI PTI ON VAR 1 VAR 2 VAR 3 VAR 4 VAR 5
#(di mensi ons) (rm (rm (rm (rm (rm
g”") LANG | LA200A 200x90x9x12 LI A 200. 00 90. 00 9.00 12.00 7.50
%5.00 LANG | LA225A 225x90x9x12 LI A 225.00 90. 00 9.00 12. 00 7.50
éS.OO LANG | LA250A 250x90x9x13 LI A 250. 00 90. 00 9.00 13.00 7.50
15.00 LANG | LA250B 250x90x10. 5x15 LI A 250. 00 90. 00 10. 50 15. 00 7.50
éS.OO LANG | LA250C 250x90x11.5x16 LI A 250. 00 90. 00 11.50 16. 00 7.50
éSIOO LANG | LA275A 250x100x10. 5x14 LI A 275. 00 100. 00 10. 50 14.00 7.50
%5.00 LANG | LA300OA 300x100x10.5x15 LIA 300. 00 100. 00 10. 50 15. 00 7.50
éSIOO LANG | LA300B 300x100x11.5x16 LIA 300. 00 100. 00 11.50 16. 00 7.50
35.00 LANG | LA325A 325x120x10.5x14 LIA 325.00 120. 00 10. 50 14.00 10. 00
58-00 LANG | LA325B 325x120x11.5x15 LI A 325.00 120. 00 11.50 15. 00 10. 00
zzlzz LANG | LA350A 350x120x10.5x16 LI A 350. 00 120. 00 10. 50 16. 00 10. 00
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.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

LANG | LA350B

LANG | LA375A

LANG | LA375B

LANG | LA4A00A

LANG | LA425A

LANG | LA450A

LANG | LAA75A

LANG | LA475B

LANG | LAS00A

LANG | LA500B

FLAT USER- DEF
UANG | UA150G

FLAT USER- DEF
FLAT USER- DEF
MSTF USER- DEF
MSTF USER- DEF
MSTF USER- DEF
MSTF USER- DEF

350x120x11.

375x120x10.

375x120x11.

400x120x11.

425x120x11.

450x120x11.

475x120x11.

475x120x12.

500x120x12.

500x120x13.

FB 400x28

5x18

5x18

5x20

5x23

5x24

5x25

5x28

5x30

5x33

5x35

150X90X15 U A

FB2000X12
FB2000X18
DECK W\EB
LBHD VB
BHD L STR
BHD U STR

LIA

LIA

LIA

LI A

LIA

LI A

LIA

LI A

LIA

LI A
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350.

375.

375.

400.

425.

450.

475.

475.
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400.
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2000.
2000.
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00

00

00

00

00

00

00

00

00

00
00

00

o
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120.

120.

120.

120.

120.

120.

120.

120.

120.

120.

28.
90.

12.
18.

00

00

00

00

00

00

00

00

00

00

00
00

00
00

11.

10.

11.

11.

11.

11.

11.

12.

12.

13.

15.

50

50

50

50

50

50

50

50

50

50

00

18.

18.

20.

23.

24,

25.

28.

30.

33.

35.

15.

00

00

00

00

00

00

00

00

00

00

00

10.

10.

10.

10.

10.

10.

10.

10.

10.

10.

00

00

00

00

00

00

00

00

00

00

.00



User-Defined Shapes/ Webs:
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Longitudinal Plate and Stiffener Elements

Loca Plate IDs:
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Global Plate Ids;
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Plate:

SEQ |ID B THK [CORROSION |A SPACING |MATID START  NODE END NODE
NO DESCRIPTION  |m cm |(mm) cm2  |(m) X-COORD |Y-COORD [X-COORD |Y-COORD
(METER) [(METER) |(METER) [(METER)
1 |KPL-01 |KEEL PLATE 1.8 |19 |1 342 0.85 2 0 0 1.8 0
2 |[BTM-01 |BOTTOM 33 |17 |1 561 0.85 2 1.8 0 5.1 0
3 |[BTM-02 |BOTTOM 51 |17 |1 867 0.85 2 5.1 0 10.2 0
4 |BTM-03 |BOTTOM 51 |17 |1 867 0.85 2 10.2 0 15.3 0
5 |[BTM-04 |BOTTOM 51 |17 |1 867 0.85 2 15.3 0 20.4 0
6 |BTM-05 |BOTTOM 1.1 |17 |1 187 0.85 2 20.4 0 21.5 0
7 |BLG-01 |BILGE 0976 (1.7 |1 165.87 |2.201 2 215 0 22.457 0.19
8 |BLG-02 |BILGE 0975 |17 |1 165.82 |2.927 2 22457  |0.19 23.268 0.732
9 [BLG-03 |BILGE 0975 (1.7 |1 165.82 |2.927 2 23268  |0.732 23.81 1.543
10 |BLG-04 |BILGE 0976 |17 |1 165.87 |2.201 2 23.81 1.543 24 2.5
11 |BLG-05 |BILGE 01 |17 |1 17 1.226 2 24 2.5 24 2.6
12 |SHL-01 |SIDE 1.85 |17 |15 3145 |0.85 2 24 2.6 24 4.45
13 |SHL-02 |SIDE 425 (1.8 |15 765 0.85 1 24 4.45 24 8.7
14 |SHL-03 |SIDE 51 |18 |15 918 0.85 1 24 8.7 24 13.8
15 |SHL-04 |SIDE 51 |18 |15 918 0.85 1 24 13.8 24 18.9
16 |SHL-05 |SIDE 145 |1.8 |15 261 0.85 1 24 18.9 24 20.35
17 |SHL-06 |SIDE 255 |2 |15 510 0.85 2 24 20.35 24 22.9
18 |GWR-01 |GUNWALE 01 |2 |2 20 0.7 2 24 22.9 24 23
19 |GWR-02 |GUNWALE 0518 2 |2 103.53 |0.518 2 24 23 23.866 23.5
20 [GWR-03 |GUNWALE 0518 2 |2 103.52 |0.518 2 23.866  [23.5 23.5 23.866
21 |GWR-04 |GUNWALE 0518 2 |2 103.53 |0.718 2 23.5 23.866 |23 24
22 |GWR-05 |GUNWALE 015 [2 |2 30.01 [0.718 2 23 24 22.85 24.003
23 |DEC-01 |UPPERDECK [0.85 |2 |2 170.05 |0.8 2 22.85 24003 |22 24.023
24 |DEC-02 |UPPERDECK  |20.805 [1.9 |1 3953.04 |0.855 2 22 24.023 |12 24.5
25 |DEC-03 |UPPERDECK |12 |19 |1 228 0.855 2 1.2 24.5 0 24.5
26 [INB-01 [INNERBOTTOM |51 |17 [15 867 0.85 2 0 2.3 5.1 2.3
27 |[INB-02 [INNERBOTTOM |51 |17 [15 867 0.85 2 5.1 2.3 10.2 2.3
28 [INB-03 [INNERBOTTOM |51 |17 [15 867 0.85 2 10.2 2.3 15.3 2.3
29 [INB-04 [INNERBOTTOM |51 |17 [15 867 0.85 2 15.3 2.3 20.4 2.3
30 [INS-01 [I.S.BULKHEAD [2.68 |2 [15 536 0.9 2 20.4 2.3 22 4.45
31 [INS-02 |[I.S.BULKHEAD [4.25 [1.8 [15 765 0.85 2 22 4.45 22 8.7
32 [INS-03 [I.S.BULKHEAD |51 |19 [15 969 0.85 1 22 8.7 22 13.8
33 [INS-04 [I.S.BULKHEAD |51 |1.6 [15 816 0.85 1 22 13.8 22 18.9
34 [INS-05 |[I.S.BULKHEAD |[1.45 |1.65 [1.5 239.25 (0.85 1 22 18.9 22 20.35
35 [INS-06 |[I.S.BULKHEAD |[3.673 [1.8 |15 661.14 |0.873 2 22 20.35 22 24.023
36 |[CTR-01 |C.L.BULKHEAD |16 |16 |1 128 0.75 2 0 2.3 0 3.9
37 |[CTR-02 |C.L.BULKHEAD [1.4  [1.65 |1 1155 |0.75 1 0 3.9 0 5.3
38 |[CTR-03 |C.L.BULKHEAD [1.8 [1.65 |1 1485 |0.85 1 0 5.3 0 7.1
39 |[CTR-04 |C.L.BULKHEAD |32 |16 [1 256 0.85 1 0 7.1 0 10.3
40 |[CTR-05 |C.L.BULKHEAD |32 |15 [1 240 0.85 1 0 10.3 0 13.5
41 |[CTR-06 |C.L.BULKHEAD |64 |15 |1 480 0.85 1 0 13.5 0 19.9
42 |CTR-07 |C.L.BULKHEAD |46 |18 [1 414 0.975 2 0 19.9 0 24.5
43 |BGR-01 |W.T.BTM.GIRDER|2.3 [1.8 [2 207 0.8 2 0 0 0 2.3
44 [NBG-01 |N-TIGHTB.GDR [0.85 [1.4 [2 119 0.8 2 5.1 0 5.1 0.85
45 [NBG-02 |N-TIGHTB.GDR |06 [0 |2 0 0.8 2 5.1 0.85 5.1 1.45
46 [NBG-03 |N-TIGHTB.GDR [0.85 [1.4 [2 119 0.8 2 5.1 1.45 5.1 2.3
47 [NBG-04 |N-TIGHTB.GDR [0.85 |14 [2 119 0.8 2 10.2 0 10.2 0.85
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Local Stiffener Ids:
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Global Stiffener IDs:
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Stiffeners:

SID |XLB STFSP |MATID

2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
1
1
1
1
1
1
1
1
1
1
1
1
1
1
2
2
2
2
2
2
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2
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Appendix F: T2 Tanker Cargo Section Structural Data

T2-SE-A1 Single Hull Tanker

Ship Dimensions:

Length Overall

LBP

Moulded beam

Moulded depth

Draft |oaded

Displacement (loaded)

Max. Service Speed

Material:

Yield Stress for plates and stiffeners
Ratio between ultimate and Yield stress

Hull Type: Single Hull

Midship Geometry:

Camber
Bilge Radius

Web Spacing

: 523.5ft
: 503.0 ft
: 68.0 ft
: 30.25ft
: 30.25 ft
: 16,613 tons

: 14.5 knots

: 235 MPa

114

151t
:6.0ft

: 12.167 ft
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The following are graphical representations of the T2-SE-Al:

(Typical T2 Tanker Profile)
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(Midship Section Web and Bracket Drawing)
(note: all dimensions are: feet-inches [meters])
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FLANGE | FLANGE PLATE
DEPTH | THICKNESS | THICKNESS
WEB (m) (m) (#)
W01 0.1778 0.0127 20
wo2 0.1778 0.0127 20
W03 0.1778 0.0127 20
Wwo4 0.1778 0.0127 20
W05 0.127 0.0127 20
W06 0.127 0.0127 20
wWo7 0.127 0.0127 20
W08 0.127 0.0127 20
W09 0.127 0.0127 20
W10 0.127 0.0127 20
W11 0.127 0.0127 20
W12 0.127 0.0127 20
W13 0.127 0.0127 20
Wi4 0.127 0.0127 20
W15 0.127 0.0127 20
W16 0.127 0.0127 20
W17 0.127 0.0127 20
BRACKET
Bl 0.1778 0.0127 20
B2 0.1778 0.0127 20
B3 0.127 0.0127 20
B4 0.127 0.0127 20
CENTER
BRACE

CB1 N/A N/A 64
CB2 N/A N/A 53
CB3 N/A N/A 53

(Flange Details and Plate Weight for Midship Section Web and Bracket Drawing)
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(Midship Section Shell Plating Drawing]
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(Plate Thickness Table)

(Stiffener Detail Table)
(note: Longitudinal L26 spacing measured from center line)
(note: al other longitudinals measured from previous longitudinal position)
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Appendix G: Amdahl Calculation of Energy Absorbed by Bow Damage

The following is a complete analysis of the 150k dwt bulk carrier bow using the method of Amdahl and
starting with a geometric description of the vessel bow and transverse sections.
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Following are the properties for each element used within the Amdahl analysis along with the smeared
thickness, average thickness, and damaged area cal culations for each illustrated section above.
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Appendix H: Pedersen Calculation of Energy Absorbed by Bow Damage

Pedersons proposed simplified method consists of an empirical expression to estimate the
maximum bow collision load.

The neccessary units and functions for the analysis of the 150k dwt Bulk Carrier using
Pedersons method:

MN = 1°N Mega Newton Definition

The 150k dwt Bulk Carrier Ship Particulars are defined as shown below.

LBP:= 274m Length Between Perpendiculars
B:=47m Breadth Moulded
D:=21.6m Depth Moulded
Df := 26m Depth to Forecastle Deck
T:=15.96m Maximum Draft
D := 1748500089 Displacement
Vg:i= 154337 Maximum Service Speed
s

Pedersons Non-Dimensional Length Parameter:

LBP

=— Lpar = 0.996
bar 275m bar
P := 210MN Reference Load
m, := DX.05 m, =1.836" 10°kg
1 iy

Ep = Em(%/sz Ey=2.186 107 Initial Energy
Bpar = L Bpa = 0.153 Non-Dimensional Energy

1425VIN>m

0.5
1.6 . 2.6
Poow = | Porba® Eoar + (5 Lba)"Lbar if Epar® Ligy

2.24P{ Epalg) > otherwise

Ppow = 183.92IMN Maximum Bow Collision Load
Smax = P2 Smax = 1.867m Total Penetration
2 Ppow
Smax - .
To:= 1.67— To=2.021s Collision Duration
S
Po(®) :=sin Poow
max
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Force vs. Penetration

200 I

150~
§ Pp(x)
g MN 100~
5 ——
iy

50—
| | |
0
0 0.5 1 15

X

m
Penetration (m)
The Assumptions used within the analysis are as follows:

1. Vessel Maximum Service Speed is assumed to be 3 knots.
2. Assume Force vs. Penetration can be approximated with a half sine wave

324



Appendix |: Example LSDY NA Finite Element Input File

The following is an example LSDY NA keyword input deck file

* KEYWORD
T e T Y -
$

$ DYNA3D(936) DECK WAS WRI TTEN BY: ETA/ FEMB VERSI ON 26

$ DATE : Jun 18, 2003 at 12:04: 25

$
T T S
$ (1) TITLE CARD.

N e R e e L . S e e e L AR S
*TI TLE

David E Day Marine Flier Collision

R T e R T R e k- EEEEE Sy AP S -
$ (2) CONTROL CARDS.

N e R e e L e I T e e L e S R e <
* CONTROL_TERM NATI ON

$ ENDTI M ENDCYC DTM N ENDNEG ENDVAS
. 400E+01 0 . 000 . 000 . 000
* CONTROL_TI MESTEP
$ DTINIT SCFT | SDO TSLI M DTMS LCTM ERCDE MB1ST
. 000 . 900 0
* CONTROL_HOURGLASS
$ I'HQ QH
1 . 100
* CONTROL_BULK_VI SCCSI TY
$ Q@ QL
1.500 . 060
* CONTROL_SHELL
$  VIRPANG | TRI ST I RNXX | STUPD THEORY BWC M TER
20. 000 2 -1 0 2 2 1
* CONTROL_CONTACT
$ SLSFAC RWPNAL I SLCHK SHLTHK PENOPT THKCHG ORI EN
. 100 2 1 1
$ USRSTR USRFAC NSBCS | NTERM XPENE
0 0 10 0 4.000
$ SFRI C DFRI C EDC VFC TH TH_SF PEN_SF

$ | GNORE FRCENG

1 1
* CONTROL_ENERGY
$ HGEN RVEN SLNTEN RYLEN
2 2 2 2
* CONTRCL_DAMPI NG
$ NRCYCK DRTOL DRFCTR DRTERM TSSFDR | RELAL EDTTL | DRFLG
250 . 001 . 995
* CONTROL_OUTPUT
$ NPOPT NEECHO NREFUP I ACCOP OPI FS I PNI NT | KEDI T
0 0 0 0 . 000 0 100
* CONTROL_ACCURACY
$ osu I'NN PI DOSU
0 2
R e L e e L e e e R )
$ (3) DATABASE CONTROL CARDS - ASCII HI STORY FILE

T S S
$* DATABASE_HI STORY_CPTI ON

$ | D1 | D2 | D3 | D4 I D5 | D6 | D7 | D8
$

$OPTION : BEAM BEAM SET NODE  NODE_SET

$ SHELL SHELL_SET SOLID SOLI D_SET

$ TSHELL TSHELL_SET

e S e R e S e e e B S R R -
$ (4) DATABASE CONTROL CARDS FOR ASCl | FILE

T T S Y-
T B S -
$* DATABASE_CPTI ON

$ DT

$

$OPTI ON : SECFORC RWFORC NODOUT ELQUT GLSTAT
$ DEFORC NMATSUM NCFORC RCFORC DEFGEO
$ SPCFORC SWFORC ABSTAT NCDFOR BNDOUT
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$ RBDOUT GCEQUT SLEQUT MPGS  SBTOUT

$ JNTFORC AVSFLT MOVl E
* DATABASE_GLSTAT
. 400E- 02
* DATABASE_MATSUM
. 400E-02
* DATABASE_RCFCORC
. 400E- 02
* DATABASE_SLEQUT
. 400E-02
R R e I e e e e e T e s B N CE T S -]
$ (5) DATABASE CONTROL CARDS FOR BI NARY FI LE

e e Y -
* DATABASE_BI NARY_D3PLOT

$ DT/ CYCL LCDT NOBEAM
. 100E+00

* DATABASE_BI NARY_D3THDT

$ DT/ CYCL LCDT NOBEAM
. 100E+00

$* DATABASE_BI NARY_OPTI ON

$ DT/ CYCL LCDT NOBEAM

$

$OPTI ON : D3DRFL D3DUMP RUNRSF | NTFOR
T T e
* DATABASE_EXTENT_BI NARY

0 0 3 0 1 1 1 1
0 0 0 0 0 0
R R e I e e S R R s B e LR SR ]
$ (6) DEFINE PARTS CARDS

e T T Y -
* PART

$HEADI NG
PART PID = 303 PART NAME : BTMSHELL
$ PI D SID M D ECSI D HG D GRAV ADPOPT ™ D
303 503 701
* PART
$HEADI NG
PART PID = 304 PART NAME : SI DSHELL
$ PI D SI D M D ECSI D HG D GRAV ADPOPT ™ D
304 504 701
* PART
$HEADI NG
PART PID = 305 PART NAME : MAI NDECK
$ PI D SI D M D ECSI D HG D GRAV ADPOPT ™ D
305 505 701
* PART
$HEADI NG
PART PID = 306 PART NAME : | NRBLKHD
$ PI D SI D M D ECSI D HG D GRAV ADPOPT ™ D
306 506 701
* PART
$HEADI NG
PART PID = 307 PART NAME : DECKTRAN
$ PI D SID M D ECSI D HG D GRAV ADPOPT ™ D
307 507 701
* PART
$HEADI NG
PART PID = 308 PART NAME : QUTRWEB
$ PI D SID M D ECSI D HG D GRAV ADPOPT ™ D
308 508 701
* PART
$HEADI NG
PART PID = 309 PART NAME : | NNRVEB
$ PI D SI D M D ECSI D HG D GRAV ADPOPT ™ D
309 509 701
* PART
$HEADI NG
PART PID = 310 PART NAME : BTMIRAN
$ PI D SI D M D ECSI D HG D GRAV ADPOPT ™™ D
310 510 701
* PART
$HEADI NG
PART PID = 311 PART NAME : BRACKET
$ PI D SID M D ECSI D HG D GRAV ADPOPT ™™ D
311 511 701
* PART
$HEADI NG

326



PART
$

* PART

PID =
PI D
312

$HEADI NG

PART
$

* PART

PID =
PI D
313

$HEADI NG

PART
$

* PART

PID =
PI D
314

$HEADI NG

PART
$

* PART

PID =
PI D
315

$HEADI NG

PART
$

* PART

PID =
PI D
316

$HEADI NG

PART
$

* PART

PID =
PI D
203

$HEADI NG

PART
$

* PART

PID =
PI D
204

$HEADI NG

PART
$

* PART

PID =
PI D
205

$HEADI NG

PART
$

* PART

PID =
PI D
206

$HEADI NG

PART
$

* PART

PID =
PI D
207

$HEADI NG

PART
$

* PART

PID =
PI D
208

$HEADI NG

PART
$

* PART

PID =
PI D
301

$HEADI NG

PART
$

* PART

PID =
PI D
302

$HEADI NG

PART
$

* PART

PID =
PI D
201

$HEADI NG

PART
$

PID =
PI D
202

312
SID
512

313
SID
513

314
SID
514

315
SID
515

316
SID
516

203
SID
403

204
SID
404

205
SID
405

206
SID
406

207
SID
407

208
SID
408

301
SID
501

302
SID
502

201
SID
401

202
SID
402

PART

PART

PART

PART

PART

PART

PART

PART

PART

PART

PART

PART

PART

PART

PART

NAME

701

NANVE

701

NANVE

701

NAME

701

NAMVE

701

NAME

601

NANVE

601

NANVE

601

NAME
M D
601

NAME
M D
601

NAME
M D
601

NANMVE
M D
607

NAVE
M D
606

NAMVE
M D
605

NAMVE
M D
604

. STRUT

ECsSI D

: TRBLKHD

ECsI D

: CLA RDER

ECSI D

. TRBHDVEB

ECSI D

- TRBRACKT

ECsI D

. STEM

ECsI D

. DECK

ECsSI D

: STRI NGER

ECSI D

. LSHELPLT

ECSI D

- USHELPLT

ECsSI D

. FRAMES

ECsSI D

: MSTRUCK

ECsI D

: HSTRUCK

ECSI D

. MSTRI KE

ECSI D

. HSTRI KE

ECSI D

HG D

HG D

HG D

HG D

HG D

HG D

HG D

HG D

HG D

HG D

HG D

HG D

HG D

HG D

HG D

GRAV

GRAV

GRAV

GRAV

GRAV

GRAV

GRAV

GRAV

GRAV

GRAV

GRAV

GRAV

GRAV

GRAV

GRAV

ADPOPT

ADPOPT

ADPOPT

ADPOPT

ADPOPT

ADPOPT

ADPOPT

ADPOPT

ADPOPT

ADPOPT

ADPOPT

ADPOPT

ADPOPT

ADPOPT

ADPOPT

™™ D

™ D

™ D

™ D

™ D

™™ D

™ D

™ D

™ D

™ D

™ D

™ D

™ D

™ D

™ D

O M U R - MU SR .
(7) MATERI AL CARDS
*MAT_P| ECEW SE_LI NEAR PLASTI Ol TY

$VATERI AL NAME: M24GB

$
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$ M D RO E
701 7. 780E+03 1. 900E+11
$ C P LCSS
. 404E+02 . 500E+01 .OOOE+00
$ EPS1 EPS2 EPS3
0. 000E+00 0. 000E+00 0. 0O0OE+00
$ ES1 ES2 ES3
0. 000E+00 0. 000E+00 0. 000E+00
*MAT_PLASTI C_KI NEMATI C
$MATERI AL NAMVE: MBGB
$ M D RO E
601 7. 780E+03 1. 900E+11
$ SRC SRP FS
4. 040E+01 5. 000E+00 0. OOOE+00
* MAT_PLASTI C_KI NEMVATI C
$MATERI AL NAME: MSTRUCK
$ M D RO E
607 1.816E+04 2. 100E+11
$ SRC SRP FS
4. 040E+01 5. 000E+00 0. 00OE+00
*MAT_PLASTI C_KI NEMATI C
$MATERI AL NAME: HSTRUCK
$ M D RO E
606 1.767E+04 2. 100E+11
$ SRC SRP FS
4. 040E+01 5. 000E+00 0. O0OOE+00
* MAT_PLASTI C_KI NEMVATI C
$MATERI AL NAME: MSTRI KE
$ M D RO E
605 2. 297E+04 2. 100E+11
$ SRC SRP FS
4. 040E+01 5. 000E+00 0. O0OOE+00
*MAT_PLASTI C_KI NEMATI C
$MATERI AL NAME: HSTRI KE
$ M D RO E
604 9. 460E+03 2. 100E+11
$ SRC SRP FS
4. 040E+01 5. 000E+00 0. O0OOE+00

PR

2. 810E-01
LCSR

. 000E+00
EPS4

0. 000E+00
ES4

0. 000E+00

PR
2. 810E-01
VP
0. 000E+00

PR
3. 030E-01
VP
0. 000E+00

PR
3. 030E-01
VP
0. 000E+00

PR
3. 030E-01
VP
0. 000E+00

PR
3. 030E-01
VP
0. 000E+00

SI GY

2. 350E+08
VP

. 100E+01
EPS5

0. 000E+00
ES5

0. 000E+00

Sl GY

2. 350E+08

SI GY
3. 550E+08

Sl GY
3. 550E+08

SI GY
3. 550E+08

Sl GY
3. 550E+08

ETAN
3. 750E+09 O

EPPF TDEL
725E-01 0. 000E+00

EPS6
0. 000E+00 O

ES6
0. 000E+00 O

EPS7 EPS8
O000E+00 0. O00E+00
ES7 ES8
000E+00 0. 000E+00

ETAN
3. 750E+09 0O

BETA
000E+00

ETAN
3. 220E+09 O

BETA
000E+00

ETAN
3. 220E+09 O

BETA
000E+00

ETAN
3. 220E+09 O

BETA
000E+00

ETAN BETA
3. 220E+09 0. 000E+00

T B S -

$

(7.1) SECTI ON CARDS

T N T Y -

*SECTI ON_SHELL
$PROPERTY NAME: BTMSHELL

$ SI D ELFORM SHRF
503 2 . 833E+00
$ T1 T2 T3
.288E-01 .288E-01 .288E-01
*SECTI ON_SHELL
$PROPERTY NAME: SI DSHELL
$ SID ELFORM SHRF
504 2 . 833E+00
$ T1 T2 T3
.225E-01 .225E-01 .225E-01
*SECTI ON_SHELL
$PROPERTY NAME: MAI NDECK
$ SI D ELFORM SHRF
505 2 . 833E+00
$ T1 T2 T3
.252E-01 . 252E-01 .252E-01
*SECTI ON_SHELL
$PROPERTY NAME: | NRBLKHD
$ SID ELFORM SHRF
506 2 . 833E+00
$ T1 T2 T3
.125E-01 . 125E-01 .125E-01
*SECTI ON_SHELL
$PROPERTY NAME: DECKTRAN
$ SI D ELFORM SHRF
507 2 . 833E+00
$ T1 T2 T3
.132E-01 . 132E-01 .132E-01
*SECTI ON_SHELL
$PROPERTY NAME: OUTRVEB
$ SI D ELFORM SHRF
508 2 . 833E+00
$ T1 T2 T3
.135E-01 .135E-01 .135E-01

NI P

5

T4

. 288E-01

NI P

5

T4

. 225E-01

NI P

5

T4

. 252E-01

NI P

5

T4

. 125E-01

NI P

5

T4
.132E-01

NI P

5

T4

. 135E-01

PROPT
. 000E+00
NLOC
. 000E+00

PROPT
. 000E+00
NLOC
. 000E+00

PROPT
. 000E+00
NLOC
. 000E+00

PROPT
. 000E+00
NLOC
. 000E+00

PROPT
. 000E+00
NLOC
. 000E+00

PROPT
. 000E+00
NLOC
. 000E+00

QR'ITRI D | COwP SETYP
. 000E+00 0 1
QRIIRD | COWP SETYP
. 000E+00 0 1
QR'TRI D | COwP SETYP
. 000E+00 0 1
QRIIRD | COWP SETYP
. 000E+00 0 1
QR'TRI D | COwP SETYP
. 000E+00 0 1
QR'TRI D | COWP SETYP
. 000E+00 0 1
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*SECTI ON_SHELL
$PROPERTY NAME: | NNRVWEB

$ SID ELFORM SHRF
509 2 . 833E+00
$ T1 T2 T3

.135E-01 .135E-01 .135E-01
*SECTI ON_SHELL
$PROPERTY NAME: BTMIRAN

$ SID ELFORM SHRF
510 2 . 833E+00
$ T1 T2 T3

.133E-01 .133E-01 .133E-01
*SECTI ON_SHELL
$PROPERTY NAME: BRACKET

$ SI D ELFORM SHRF
511 2 . 833E+00
$ T1 T2 T3

.138E-01 .138E-01 .138E-01
*SECTI ON_SHELL
$PROPERTY NAME: STRUT

$ SID ELFORM SHRF
512 2 . 833E+00
$ T1 T2 T3

.215E-01 . 215E-01 .215E-01
*SECTI ON_SHELL
$PROPERTY NAME: TRBLKHD

$ SI D ELFORM SHRF
513 2 . 833E+00
$ T1 T2 T3

.118E-01 .118E-01 .118E-01
*SECTI ON_SHELL
$PROPERTY NAME: CLG RDER

$ SID ELFORM SHRF
514 2 . 833E+00
$ T1 T2 T3

.167E-01 .167E-01 .167E-01
*SECTI ON_SHELL
$PROPERTY NAME: TRBHDWEB

$ SI D ELFORM SHRF
515 2 . 833E+00
$ T1 T2 T3

.125E-01 . 125E-01 .125E-01
*SECTI ON_SHELL
$PROPERTY NAME: TRBRACKT

$ SID ELFORM SHRF
516 2 . 833E+00
$ T1 T2 T3

.127E-01 . 127E-01 .127E-01
*SECTI ON_SHELL
$PROPERTY NAME: STEM

$ SID ELFORM SHRF
403 2 . 833E+00
$ T1 T2 T3

.194E-01 . 194E-01 .194E-01
*SECTI ON_SHELL
$PROPERTY NAME: DECK

$ SI D ELFORM SHRF
404 2 . 833E+00
$ T1 T2 T3

.105E-01 .105E-01 .105E-01
*SECTI ON_SHELL
$PROPERTY NAME: STRI NGER

$ SID ELFORM SHRF
405 2 . 833E+00
$ T1 T2 T3

.105E-01 .105E-01 .105E-01
*SECTI ON_SHELL
$PROPERTY NAME: LSHELPLT

$ SI D ELFORM SHRF
406 2 . 833E+00
$ T1 T2 T3

.269E-01 . 269E-01 .269E-01
*SECTI ON_SHELL
$PROPERTY NAME: USHELPLT

$ SID ELFORM SHRF
407 2 . 833E+00
$ T1 T2 T3

NI P
5
T4

. 135E-01

NI P
5
T4

.133E-01

NI P
5
T4

. 138E-01

NI P
5
T4

. 215E-01

NI P
5
T4

.118E-01

NI P
5
T4

. 167E-01

NI P
5
T4

.125E-01

NI P
5
T4

. 127E-01

NI P
5

T4

. 194E-01

NI P
5
T4

. 105E-01

NI P
5

T4

. 105E-01

NI P
5
T4

. 269E-01

NI P
5
T4

PROPT

. 000E+00

NLOC

. 000E+00

PROPT

. 000E+00

NLOC

. 000E+00

PROPT

. 000E+00

NLOC

. 000E+00

PROPT

. 000E+00

NLOC

. 000E+00

PROPT

. 000E+00

NLOC

. 000E+00

PROPT

. 000E+00

NLOC

. 000E+00

PROPT

. 000E+00

NLOC

. 000E+00

PROPT

. 000E+00

NLOC

. 000E+00

PROPT

. 000E+00

NLOC

. 000E+00

PROPT

. 000E+00

NLOC

. 000E+00

PROPT

. 000E+00

NLOC

. 000E+00

PROPT

. 000E+00

NLOC

. 000E+00

PROPT

. 000E+00

NLOC

QR'IRD

. 000E+00

QR IRID

. 000E+00

QR'IRD

. 000E+00

QR IRID

. 000E+00

QRIRD

. 000E+00

QR IRID

. 000E+00

QR'IRD

. 000E+00

QR IRID

. 000E+00

QR IRID

. 000E+00

QRIRD

. 000E+00

QR IRID

. 000E+00

QR'IRID

. 000E+00

QR IRID

. 000E+00
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| COwP

I COw

| COwP

I COw

| COWP

| COw

| COWP

| COw

I COw

| COwP

| COw

| COWP

I COw

SETYP

SETYP

SETYP

SETYP

SETYP

SETYP

SETYP

SETYP

SETYP
1

SETYP

SETYP
1

SETYP

SETYP



.213E-01 .213E-01 .213E-01 .213E-01 .OOOE+00
*SECTI ON_SHELL
$PROPERTY NAME: FRAMES

$ SID ELFORM SHRF NI P PROPT R/IRD I COw SETYP
408 2 . 833E+00 5 .000E+00 .O0O0O0E+00 0 1
$ T1 T2 T3 T4 NLOC

.567E-02 .567E-02 .567E-02 .567E-02 .OOOE+00
*SECTI ON_BEAM
$PROPERTY NAME: MSTRUCK

$ SID ELFORM SHRF QR'TRID CST SCOOR
501 1 .833E+00 .200E+01 .OOOE+00 .OOOE+00
$ TS1 TS2 TT1 TT2 NSLOC NTLOC

. 100E+01 .100E+01 .100E+01 .100E+01 .OOOE+00 .OOOE+00
*SECTI ON_BEAM
$PROPERTY NAME: HSTRUCK

$ SID ELFORM SHRF  QR/IRID CsT SCOOR
502 1 .833E+00 .200E+01 .OOOE+00 .OOOE+00
$ TS1 TS2 TT1 TT2 NSLOC NTLOC

.100E+01 .100E+01 .100E+01 .100E+01 .OOOE+00 .OOOE+00
*SECTI ON_BEAM
$PROPERTY NAME: MSTRI KE

$ SID ELFORM SHRF QR'TRI D CST SCOOR
401 1 .833E+00 .200E+01 .OOOE+00 .OOOE+00
$ TS1 TS2 TT1 TT2 NSLCOC NTLCC

. 100E+01 .100E+01 .100E+01 .100E+01 .OOOE+00 .OOOE+00
*SECTI ON_BEAM
$PROPERTY NAME: HSTRI KE

$ SI D ELFORM SHRF QR/IRID CST SCOOR
402 1 .833E+00 .200E+01 .OOOE+00 .OOOE+00
$ TS1 TS2 TT1 TT2 NSLOC NTLOC

.100E+01 .100E+01 .100E+01 .100E+01 .O0O0OE+00 .O0O0OE+00
T Y-
$ (8) NODAL POl NT CARDS
T Y -
* NODE

$ NODE X Y Z TC RC
1 .209390000E+01 .588140000E+01 -.396240000E+01
2 .228287600E+01 .588139900E+01 -.396240000E+01
3 . 228440000E+01 .608622600E+01 -.396240000E+01
100474 202 96487 68389 96680
100475 202 96485 67996 96681
el e e ey SR R Tl - EEE TR SR CEEEE S
$ (11) SHELL ELEMENT CARDS

R T Y -
* ELEMENT_SHELL

$ El D PI D N1 N2 N3 N4
1 303 1 2 3 4
2 303 2 5 6 3
3 303 5 7 8 6
100286 208 83613 83614 83621 83621
100287 208 82681 73829 82682 82682
R e S R e S e e e B R e -]
$ (12) SPRING OR DAMPER ELEMENT CARDS

T T S -
* ELEMENT_DI SCRETE

$ EI D PI D N1 N2 VI D S PF
* ELEMENT_NVASS
$ EID NI D MASS

* ELEMENT_I NERTI A
S T B S S
$ (14) HOURGLASS AND BULK PROPERTI ES CARDS
T B B S -
$* HOURGLASS

2 I'HQ ™ I BQ Q @
T T S B S -
$ (15) DEFINE SET CARDS

e T S S
e B TEET:
$ (16) BOUNDARY CONDI TI ON CARDS
T S -
* BOUNDARY_SPC_NODE

$ NI D/ NSID D DOFX DOFY DCFZ DOFRX DOFRY DOFRZ
64860 0 0 0 1 1 1 0
64913 0 0 0 1 1 1 0
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65487 0 0 0 1 1 1 0

96492 0 0 0 1 1 1 0

96493 0 0 0 1 1 1 0
R R e L e e i e e e A R )
$ (17) LOCAL COORDI NATE SYSTEM

T B S Y-
e T S
$ (18) NODAL CONSTRAI NT CARDS
T B S -
T B S -
$ (19) INITIAL CARDS
e T B S
*I'NI TI AL_VELOCI TY_NCDE
$ NI D VX VY vz VXR VYR VZR

68252 2. 320E+00- 1. 625E+00 0. 000E+00 0. 000E+00 0. 000E+00 0. 000E+00

68389 2. 320E+00- 1. 625E+00 0. 000E+00 0. 000E+00 0. 000E+00 0. 000E+00

64913 2. 320E+00- 1. 625E+00 0. 000E+00 0. 000E+00 0. 000E+00 0. 000E+00

86351 2. 320E+00- 1. 625E+00 0. 000E+00 0. 000E+00 0. 000E+00 0. 000E+00

93912 2.320E+00- 1. 625E+00 0. 000E+00 0. 000E+00 0. 000E+00 0. 000E+00
- MU T E Y S M, S .
$ (22) DEFI NE CONTACT SURFACE
SN U P U SR SR
* CONTACT_NODES_TO_SURFACE_TI TLE

$ D NAME
1 GLOBAL
$ SSI D MBI D SSTYP MBTYP SBOXI D MBOXI D SPR VPR
2 3 2 2 0 0 0 0
$ FS FD DC \% VDC PENCHK BT DT
7.000E-01 3. 000E-01 7.000E+00 1.360E+08 0. 000E+00 0 0. 000E+00 1. 000E+20
$ SFS SFM SST MBT SFST SFMI' FSF VSF
. 100E+01 . 100E+01 .100E+01 .100E+01 .100E+01 .100E+01

T M -
*SET_PART_LI ST

$ SID
2
$ PI DL PI D2 PI D3 Pl D4 PI D5 Pl D6 PI D7 PI D8
303 304 305 306 307 308 309 310
311 312 313 315 316
*SET_PART_LI ST
$ SID
3
$ PI DL Pl D2 PI D3 Pl D4 PI D5 Pl D6 PI D7 PI D8
204 206 207

T s R, -
* CONTACT_AUTOVATI C_NODES_TO_SURFACE_TI TLE

$ D NAVE
4 S| DSHL
$ SSI D MSI D SSTYP MSTYP SBOXI D MBOXI D SPR MPR
5 304 2 3 0 0 0 0
$ FS FD DC \% VDC PENCHK BT DT
7.000E-01 3. 000E-01 7.000E+00 1.360E+08 0. 000E+00 0 0. 000E+00 1. 000E+20
$ SFS SFM SST MST SFST SFMT FSF VSF
. 100E+01 . 100E+01 .100E+01 .100E+01 .100E+01 .100E+01

T B L - P A Y.
*SET_PART_LI ST

$ SI D
5
$ Pl D1 Pl D2 Pl D3 Pl D4 Pl D5 Pl D6 PI D7 Pl D8
306 307 308 309 310 311 312 313
315 316

T N ST Y -

* CONTACT_AUTOMATI C_NODES_TO SURFACE_TI TLE
$ ap NAVE
6 MNDECK

$ SsI D MBI D SSTYP MSTYP  SBOXID  MBOXI D SPR VPR

7 305 2 3 0 0 0 0

$ FS FD DC v VDC  PENCHK BT DT

7. 000E- 01 3. 000E-01 7.000E+00 1.360E+08 0.000E+00 0 0. 000E+00 1.000E+20

$ SFS SFM SST VBT SFST SFMT FSF VSF

.100E+01 . 100E+01 .100E+01 .100E+01 .100E+01 .100E+01

T P - P, A
*SET_PART_LI ST

$ SI D
7
$ Pl D1 Pl D2 Pl D3 Pl D4 Pl D5 Pl D6 Pl D7 Pl D8
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307 308 309 312 313 315 316
T T S,

* CONTACT_AUTOVATI C_NODES_TO SURFACE_TI TLE
$ anp NAVE
8 MNDECK

$ SSI D MBI D SSTYP MSTYP  SBOXID  MBOXI D SPR VPR

9 306 2 3 0 0 0 0

$ FS FD DC Vv VDC  PENCHK BT DT

7. 000E- 01 3. 000E-01 7.000E+00 1.360E+08 0.000E+00 0 0. 000E+00 1.000E+20

$ SFS SFM SST VST SFST SFMT FSF VSF

.100E+01 . 100E+01 .100E+01 .100E+01 .100E+01 .Z100E+01

S M Z -
*SET_PART_LI ST

$ SID
9
$ PI D1 PI D2 PI D3 PI D4 PI D5 PI D6 PI D7 PI D8
308 309 312

S M U R U MU SR .
S MU T U Y - M SR .
* CONTACT_AUTOMATI C_NODES_TO_SURFACE_TI TLE

$ ClD NAME
10 STRUT
$ SSI D MBI D SSTYP MBTYP SBOXI D MBOXI D SPR VPR
309 312 3 3 0 0 0 0
$ FS FD DC \Y VDC PENCHK BT DT
7.000E-01 3. 000E-01 7.000E+00 1.360E+08 0. 000E+00 0 0. 000E+00 1. 000E+20
$ SFS SFM SST MBT SFST SFMI' FSF VSF
. 100E+01 . 100E+01 .100E+01 .100E+01 .100E+01 . 100E+01

3 g MU PR - - M, S
* CONTACT_AUTOMATI C_NODES_TO_SURFACE_TI TLE

$ cD NANVE
11 SIS
$ SSI D MSI D SSTYP MSTYP SBOXI D MBOXI D SPR MPR
12 13 2 2 0 0 0 0
$ FS FD DC \% VDC PENCHK BT DT
7.000E-01 3. 000E-01 7.000E+00 1.360E+08 0. 000E+00 0 0. 000E+00 1. 000E+20
$ SFS SFM SST MST SFST SFMT FSF VSF
. 100E+01 . 100E+01 .100E+01 .100E+01 .100E+01 .100E+01

T P - P, A
*SET_PART_LI ST

$ SID
12

$ PI DL Pl D2 Pl D3 Pl D4 PI D5 Pl D6 PI D7 Pl D8
203 205 208

*SET_PART_LI ST

$ SID
13

$ PI DL Pl D2 PI D3 Pl D4 PI D5 Pl D6 PI D7 PI D8
204 206 207

S MU U PRy . M, SR
* CONTACT_AUTOMATI C_NODES_TO_SURFACE_TI TLE

$ cD NAVE
14 DECK
$ SSI D MSI D SSTYP MSTYP SBOXI D MBOXI D SPR MPR
204 207 3 3 0 0 0 0
$ FS FD DC \% VDC PENCHK BT DT
7.000E-01 3. 000E-01 7.000E+00 1.360E+08 0. 000E+00 0 0. 000E+00 1. 000E+20
$ SFS SFM SST MST SFST SFMT FSF VSF
. 100E+01 . 100E+01 .100E+01 .100E+01 .100E+01 .100E+01

S T -
* CONTACT_AUTOMATI C_SI NGLE_SURFACE_TI TLE

$ D NAMVE
15 SI NGLE
$ SSI D MBI D SSTYP MBTYP SBOXI D MBOXI D SPR VPR
16 2 0 0 0 0
$ FS FD DC \% VDC PENCHK BT DT
7.000E-01 3. 000E-01 7.000E+00 1.360E+08 0. 000E+00 0 0. 000E+00 1. 000E+20
$ SFS SFM SST MBT SFST SFMI' FSF VSF
. 100E+01 . 100E+01 .100E+01 .100E+01 .100E+01 .100E+01

- IS MU PR - M AR
*SET_PART_LI ST

$ SI D
16

$ PI D1 PI D2 PI D3 Pl D4 Pl D5 Pl D6 Pl D7 Pl D8
204 206 207 208

B e T EEE
T B S -
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$ (23) DEFINE RI G D WALL
T T
$ (24) NODAL RIG D BODY CARDS
e T S S
$ (25) JO NT CARDS
T T B S -
S B S -
e T S S

*END
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Appendix J. Flowchart of Method of Lateral Deformation of Webs and Transverse
Bulkheads
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Appendix K: 100k dwt Single Hull Tanker Cargo Section Structural Data

100k dwt Single Hull Tanker
from Kuroiwa (1996)

| nfor mation Book
For

Grounding and Collision Analysis

UPDATE: OCTOBER 31, 1999
A.J. Brown
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Nava Architecture

L=222m B=42m D=203m T=1335m D=111015MT

Profile and Plan

Weights and Stability

Primary Subdivision
Cargo Block Longitudinal Bulkheads—12.5 m from CL (CO-CUB-Sand P)
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Full Load cargo
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Structural Design

Ship Dimensions
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MIDSHIP GEOMETRY

TANK DEFINITION

TRANSVERSE MEMBERS
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Web Configuration
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Main Supporting Members — Side Transverse (\Web)

Web thickness: 15 mm

Main Supporting Members — Deck Transverse

Deck Transverse web thickness: 15 mm
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Main Supporting Members — Vertical Web on Longitudina Bulkhead

Vertical Web thickness: 15mm

Transverse Bulkhead
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Struts
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Material

Material Zones:

MATERIAL TABLE

MAT # MAT ID YIELD STRESS
(kgf/cm2) (kgf/cm2)

1 MILD 2400.

2 HT32 3200.

3 HT36 3600.

4 HT40 4000.

Stiffener Library:

ULT STRESS

4100.
4500.
5000.
5200.

#---- STIFFENER PROPERTIES; FILE:C:\SH_50\SH100\SH100.slb ; RECORDS:
#D# TYPE ABSID DESCRIPTION
#(dimensions) (mm)

LANG ILA200A 200x90x9x12 LIA
LANG ILA225A 225x90x9x12 LIA
LANG ILA250A 250x90x9x13 LIA
LANG ILA250B 250x90x10.5x15 LIA
LANG ILA250C 250x90x11.5x16 LIA
LANG ILA275A 250x100x10.5x14 LIA
LANG ILA300A 300x100x10.5x15 LIA
LANG ILA300B 300x100x11.5x16 LIA
LANG ILA325A 325x120x10.5x14 LIA
LANG ILA325B 325x120x11.5x15 LIA
LANG ILA350A 350x120x10.5x16 LIA
LANG ILA350B 350x120x11.5x18 LIA
LANG ILA375A 375x120x10.5x18 LIA
LANG ILA375B 375x120x11.5x20 LIA
LANG ILA400A 400x120x11.5x23 LIA
LANG ILA425A 425x120x11.5x24 LIA
LANG ILA450A 450x120x11.5x25 LIA
LANG ILA475A 475x120x11.5x28 LIA
LANG ILA475B 475x120x12.5x30 LIA
LANG ILA500A 500x120x12.5x33 LIA
LANG ILA500B 500x120x13.5x35 LIA
FLAT USER-DEF FB 400x28

UANG IUA150G 150X90X15 UIA
FLAT USER-DEF FB2000X12

FLAT USER-DEF FB2000X18

MSTF USER-DEF DECK WEB

MSTF USER-DEF LBHD WEB

MSTF USER-DEF BHD L STR

MSTF USER-DEF BHD U STR

VAR1 VAR2 VAR3 VAR4

(mm)  (mm)  (mm)

250.00
250.00
275.00
300.00
300.00
325.00
325.00
350.00
350.00
375.00
375.00
400.00
425.00
450.00
475.00
475.00
500.00
500.00

(mm)
200.00 90.00 9.00 1200 7.50
22500 90.00 9.00 1200 7.50
250.00 90.00 9.00 1300 7.50

29

(mm)

VAR5 VARG

15.00
15.00
15.00

90.00 1050 1500 7.50 15.00
90.00 1150 16.00 7.50 15.00

100.00
100.00
100.00
120.00
120.00
120.00
120.00
120.00
120.00
120.00
120.00
120.00
120.00
120.00
120.00
120.00

400.00 28.00

150.00 90.00 15.00 15.00 6.00 12.00
2000.00 12.00
2000.00 18.00

3

7
4
4

10.50
10.50
11.50
10.50
11.50
10.50
11.50
10.50
11.50
11.50
11.50
11.50
11.50
12.50
12.50
13.50

14.00
15.00
16.00
14.00
15.00
16.00
18.00
18.00
20.00
23.00
24.00
25.00
28.00
30.00
33.00
35.00

392

7.50

7.50

7.50

10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00

15.00

15.00

15.00
20.00
20.00
20.00
20.00
20.00
20.00
20.00
20.00
20.00
20.00
20.00
20.00
20.00

Q-FAC

1.000
.780
.720

10
.950

.875



User-Defined Shapes/ Webs:
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Longitudinal Plate and Stiffener Elements

Loca Plate IDs:
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Global Plate Ids;
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Plate:

KEEL PLATE KPL-01
BOTTOM BTM-02
BILGE BLG-02
BILGE BLG-04
SIDE SHL-01
GUNWALE GWR-02
GUNWALE GWR-04
UPPER DECK DEC-01

UPPER DECK DEC-03

Other BULKHEAD OTH-01

MISC. MSC-02
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Local Stiffener Ids:
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Global Stiffener IDs:
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Stiffeners:

KPL- 101 21 500x120x13.5x35 LIA 105.42 0.82 3.815 2

BTM- 101 21 500x120x13.5x35 LIA 105.42 0.89 3.815 2
BTM- 103 21 500x120x13.5x35 LIA 105.42 0.82 3.815
BTM- 107 21 500x120x13.5x35 LIA 105.42 0.82 3.815 2
BTM- 109 21 500x120x13.5x35 LIA 105.42 0.82 3.815
BTM- 213 21 500x120x13.5x35 LIA 105.42 0.87 3.815 2
BTM- 215 21 500x120x13.5x35 LIA 105.42 0.82 3.815
BTM- 219 21 500x120x13.5x35 LIA 105.42 1.053 3.815 2
BLG- 202 500x120x13.5x35 LIA 105.42 0.488 3.815
SHL- 101 20 500x120x12.5x33 LIA 98.62 0.82 4515
SHL- 105 20 500x120x12.5x33 LIA 98.62 0.82 4515 2
SHL- 107 20 500x120x12.5x33 LIA 98.62 0.82 4515
SHL- 111 20 500x120x12.5x33 LIA 98.62 0.82 4515 2
SHL- 113 20 500x120x12.5x33 LIA 98.62 0.82 4515
SHL- 117 20 500x120x12.5x33 LIA 98.62 0.82 4515 2
SHL- 119 20 500x120x12.5x33 LIA 98.62 0.82 4515

GWR- 101 14 375x120x11.5x20 LIA 65.47 0.15 4515 2

GWR- 503 14 375x120x11.5x20 LIA 65.47 0.861 4515




DEC- 102 18 475x120x11.5x28 LIA 85.65 0.82 4515 2
DEC- 104 18 475x120x11.5x28 LIA 85.65 0.82 4515
DEC- 106 18 475x120x11.5x28 LIA 85.65 0.82 4515
DEC- 210 18 475x120x11.5x28 LIA 85.65 0.85 4515 2
DEC- 212 18 475x120x11.5x28 LIA 85.65 0.85 4515
DEC- 216 18 475x120x11.5x28 LIA 85.65 0.85 4515 2
DEC- 218 18 475x120x11.5x28 LIA 85.65 0.85 4515
NBG- 101 14 375x120x11.5x20 LIA 32.73 125 4515 2

OTH- 102 20 500x120x12.5x33 LIA 98.62 0.82 4515

OTH- 104 20 500x120x12.5x33 LIA 98.62 0.82 4515 2

OTH- 106 20 500x120x12.5x33 LIA 98.62 0.82 4515 2

OTH- 108 20 500x120x12.5x33 LIA 98.62 0.82 4515
OTH- 110 20 500x120x12.5x33 LIA 98.62 0.82 4515 2
OTH- 112 20 500x120x12.5x33 LIA 98.62 0.82 4515 2

OTH- 114 20 500x120x12.5x33 LIA 98.62 0.82 4515

OTH- 116 20 500x120x12.5x33 LIA 98.62 0.82 4515 2
OTH- 118 20 500x120x12.5x33 LIA 98.62 0.82 4515 2

OTH- 120 20 500x120x12.5x33 LIA 98.62 0.82 4515 2
OTH- 122 20 500x120x12.5x33 LIA 98.62 0.82 4515

OTH- 124 20 500x120x12.5x33 LIA 98.62 0.821 4515
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